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ABSTRACT 


minerals  in  Holoocne  and  late  Pleistocene  basin 
o^dloonte  of  the  northern  California  Continental  Border¬ 
land  are  dorlved  from  local  sources,  and  in  minor  amounts 
from  wind-  and  current-borne  sediment.  Source,  sea  level 
fluctuations,  differential  settling,  and  sedimentation  by 
floods  control  the  distribution  of  the  mineralogy. 

The  sediments  are  clayey  silts  composed  of  lllite, 
Dontoorlllonlte,  and  quartz,  with  subordinate  kaolinite, 
chlorite,  vermicullte,  feldspar,  and  amphibole.  Montmoril- 
lonlte  consists  partly  of  mixed  layers  with  lllite,  and  of 
trloctahodral ,  iron-rich  varieties.  Quartz  and  feldspar 
are  abundant  only  in  the  silt-sizes,  and  their  proportions 
are  strongly  affected  by  sediment  size. 

River-sediment  mineralogy  can  be  divided  into 
northern  sedimentary,  central  lgneous-metamorphlc,  and 
southern  batholithlc  suites.  Basin  sediments,  however,  are 
relatively  homogenous  owing  to  mixing  by  currents.  Basin 
sediments  are  higher  in  montmorillonlte  and  chlorite,  and 
lower  lr.  lllite  than  the  river  sediments.  Chlorite  en¬ 
richment  is  caused  by  deposition  of  chlorite-rich  sedi¬ 
ment  transported  by  the  California  Current  from  the  North 
Pacific  coast.  This  process  is  recognizable  in  Santa 
Barbara  Basin,  where  chlorite  in  hemlpelaglc  sediment  is 
twice  that  in  rapidly  deposited  local  flood-layers. 
Montmorillonlte  enrichment  may  also  be  caused  by  the  same 
process,  but  could  be  due  to  the  dominance  of  several 
rivers.  An  offshore  Increase  of  montmorillonlte  and  a 
corresponding  decrease  of  lllite  appears  to  be  the  result 
of  segregation  by  differential  settling.  Fine-grained 
quartz  increases  offshore  and  reflects  the  Increase  in 
importance  of  the  eollan  component. 

Analysis  of  cores  reveal  mlneraloglc  variations 
that  are  largely  controlled  by  sea-level  fluctuations. 

High  quartz-feldopar  ratios  in  Pleistocene  sections  of 
cores  from  the  outer  borderland  are  similar  to  those  on 
Santa  Rosa-Cortes  Ridge,  which  was  subject  to  wave  erosion 
during  low  sea  level  18,000  years  B.P.  In  Catalina  Basin, 
a  distinct  oe^amorphic  plagloclase-chlorite-amphlbole 
suite  from  Catalina  Island  was  diluted  by  a  volcanic  suite 
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from  Santa  Barbara  Bank  during  low  sea  level.  An  increase 
in  montmorillonite-lllite  ratios  coincident  with  rising 
sea  level  is  attributable  to  a  differential  settling  ef¬ 
fect,  and  to  the  removal  of  offshore  banks  as  sources  as 
they  were  flooded  and  submerged  by  the  rising  sea.  De¬ 
crease  of  kaolinite  since  the  Pleistocene  is  related  to 
climatic  change. 

Numerous  well-sorted  gray  silt  layers  in  Santa 
Barbara  Basin  appear  to  be  flood-deposits  that  formed 
after  unusually  heavy  storms,  such  as  occurred  in  1969. 
Comparison  of  mineralogy  and  sedimentologic  parameters 
shows  that  the  Santa  Clara  River  is  the  dominant  source 
of  these  deposits. 
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INTRODUCTION 


General  Statement 

The  purpose  of  this  study  is  to  determine  the 
silicate-mineral  composition  of  fine-grained  basin  sedi¬ 
ments  in  the  California  Continental  Borderland.  Two 
portions  comprise  the  study:  the  relation  of  basin  sedi¬ 
ment  mineralogy  to  sources  and  sedimentation  processes, 
and  the  effect  of  late  Pleistocene-Holocene  climatic  and 
sea-level  fluctuations  on  the  basin  mineralogy.  The 
location  of  the  area  studied  is  the  northern  California 
Continental  Borderland  from  Lat.  32°  43'  N  to  Lat.  35°  00' 
N,  and  from  Long.  117°  15 1  W  to  Long.  121°  00'  V/  (fig.  1). 
Basins  that  were  studied  are  Santa  Monica  Basin,  Santa 
Barbara  Basin,  Santa  Cruz  Basin,  Catalina  Basin,  Tanner 
Basin,  and  the  continental  rise.  In  addition,  major  and 
representative  rivers  along  the  southern  California  coast 
were  sampled  to  determine  the  source-area  mineralogy. 

Previous  Work 

Emery  (I960)  adequately  summarized  the  geology  and 
oceanography  of  the  California  Continental  Borderland. 
This  work  also  serves  as  a  reference  for  most  studies 
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Figure  1.  Bathymetric  map  of  California  Con¬ 
tinental  Borderland  and  sample 
locations  with  RV  Velero  IV  station 
numbers . 
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made  in  this  area  up  to  I960. 

There  has  been  a  general  absence  of  mineraloglc 
studies  on  borderland  sediments  as  compared  to  other  parts 
of  the  continental  margins  of  the  United  States.  The 
earliest  and  only  major  work  is  a  clay-mineral  study  by 
Dietz  (194-1),  also  presented  in  part  by  Grim,  Dietz,  and 
Bradley  (1949).  This  work  demonstrated  the  predominance 
of  montmorillonite  and  illite  in  the  basin  sediments.  It 
was  also  concluded  that  kaolinite  is  gradually  being  lost 
from  the  sediments,  and  that  degraded  illite  is  being  re¬ 
constituted  by  potassium  uptake.  This  work  was  undertaken 
at  a  time  when  x-ray  diffraction  technology  and  especially 
its  application  to  clay  mineralogy  was  in  an  early  stage 
of  development.  In  addition,  the  number  of  samples 
analyzed  was  relatively  small,  and  only  core  tops  and 
bottoms  were  used.  These  considerations  show  that  the 
basis  of  the  conclusions  drawn  from  this  work  may  be 
questionable  and  should  be  reexamined. 

Subsequent  mineraloglc  work  has  been  of  minor  ex¬ 
tent.  Clay  minerals  in  cores  from  Santa  Barbara  Basin, 
Santa  Monica  Basin,  and  Santa  Catalina  Basin  were  studied 
by  H.  M.  Thorne  in  1955  (Emery,  I960);  he  found  that 
illite  was  dominant  and  concluded  that  there  were  no 
variations  in  the  cores.  Orr  and  Emery  (1956)  reported 
montmorillonite  and  illite  to  be  dominant  in  several 
analyses  from  Santa  Barbara  Basin. 
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Quartz  and  feldspar  determinations  have  been  made 
on  a  few  samples  by  E.  D.  Goldberg  and  D.  S.  Gorsllne 
(Emery,  i960).  They  noted  quartz-feldspar  ratios  of  2.2 
and  plagloclase-orthoclase  ratios  of  4.5  for  borderland 
sediments . 

A  number  of  studies  of  clay  minerals  from  sub¬ 
marine  canyons  in  the  borderland  have  been  undertaken  by 
students  at  the  University  of  Southern  California.  These, 
like  the  above  work,  are  plagued  by  lack  of  uniformity  of 
methods  and  interpretation,  and  are  therefore  of  limited 
value.  Of  interest  is  a  study  by  H.  B.  Zimmerman  (un¬ 
published  report,  1965)  of  clay  minerals  from  Catalina 
Submarine  Canyon,  in  which  he  used  electron  microscope  and 
x-ray  diffraction  methods.  He  reported  the  presence  of 
frequent  tubular  objects  that  he  identified  as  halloysite. 
Although  this  interpretation  is  probably  correct,  the  ob¬ 
jects  may  also  be  sepiolite  or  attapulgite. 

Work  on  the  mineralogy  of  fine-grained  river  sedi¬ 
ments  is  virtually  nonexistent.  A  few  diffraction  analyses 
by  Rodolfo  (1964)  show  the  presence  of  quartz,  feldspar, 
illite,  montmorillonite,  and  chlorite. 

Sampling  Methods 

The  intent  of  the  sampling  approach  was  to  obtain 


maximum  geographic  coverage  of  the  late  Pleistocene  to 
Holocene  stratigraphic  interval  with  a  minimum  number  of 
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samples.  This  objective  was  partially  attained  with  a 
set  of  cores  from  nearshore,  intermediate,  and  offshore 
basins.  In  this  manner,  a  profile  from  nearshore  to  off¬ 
shore  environments  was  obtained. 

Cores  were  collected  in  the  centers  of  the  above- 
mentioned  basins  (fig.  1)  with  a  modified  Kullenberg 
piston  corer  aboard  R.V.  Velero  IV.  A  Reineck  box  core 
taken  on  Redondo  Submarine  Pan  was  used  as  a  surface 
sample  from  that  basin,  and  also  as  a  standard  to  develop 
analytical  methods  and  to  measure  reproducibility. 

Bed-load  sediment  was  collected  from  Gaviota  Creek, 
Ventura  River,  San  Gabriel  River,  Santa  Ana  River,  San 
Onofre  Creek,  and  Santa  Margarita  River.  Suspended-load 
sediment  was  sampled  from  Santa  Ynez,  Ventura,  and  Santa 
Clara  Rivers  during  the  February -March  flood  of  1969  (fig. 
1). 


Core  Descriptions 

Cores  range  in  length  from  435  to  665  cm  (fig.  2). 
Most  of  the  sediment  consists  of  uniform-appearing  olive 
gray  mud  of  varying  shades.  Small  sand  layers  are  common 
in  most  of  the  cores,  and  several  thicker,  graded  sand 
layers  are  present  in  the  Santa  Cruz,  Tanner  Basin,  and 
continental  rise  cores.  A  thick  graded  bed  and  some 
mottling  in  the  core  from  the  continental  rise  indicates 
possible  slumping,  reworking,  and  unconformities.  The 


Figure  2.  Core  lithology  and  station  numbers. 
Approximate  locations  of  time 
horizons  A  and  B  based  on  carbonate 
and  coiling  ratio  markers. 
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location  of  this  core  (fig.  1)  makes  it  subject  to  these 
processes. 

Laminations  were  observed  in  the  Santa  Barbara 
Basin  core  and  in  lower  portion  of  the  Santa  Catalina 
Basin  core.  In  addition,  numerous,  distinctly  gray  silt 
layers  mark  the  Santa  Barbara  Basin  core. 
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ANALYTICAL  METHODS 
Sample  Preparation 

The  coroo  were  oxtruded  and  opllt  longt.hwlse  Into 
two  oectlono  while  otlll  nolot.  After  the  cores  were 
described,  5  ca  lncrononts  woro  sampled  at  50  cm  Intervals 
Yros  one  opllt  for  also  and  mineralogical  analysis.  These 
lncroaento  correspond  to  about  20  to  50  gm  of  sample  on  a 
dry-weight  bnolo.  Only  fine-grained  "pelagio"  sediment 
was  oaspled,  and  oand  layers  were  avoided.  The  5  cm 
oanpleo  woro  preserved  In  a  moist  condition  until  used. 

In  order  to  provide  adequate  dispersion  for  size 
analysis,  and  to  obtain  good  x-ray  diffraction  patterns, 
both  coro  and  river  sediments  were  cleaned  by  removal  of 
carbonates,  organic  matter,  and  Iron  oxides.  The  methods 
for  the  romoval  of  these  components  were  adapted  from 
procoduroo  outlined  by  Jackson  (1956). 

Carbonatos  were  removed  by  digestion  of  the  sample 
In  100  ml  of  111,  pH  5  sodium  acetate  buffer  solution  at 
about  85°C.  The  solution  was  removed  from  the  sample  by 
centrifugation,  and  the  procedure  repeated  until  digestion 
woo  complete,  usually  two  to  four  times. 

The  carbonate-free  samples  were  then  transferred  to 
1  L  beakers  for  removal  of  organic  matter  with  hydrogen 
poroxldo.  All  samples  were  heated  to  85°C,  and  30  percent 
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hydrogen  peroxide  was  added  in  5  to  10  ml  Increments  until 
the  reaction  was  completed.  This  required  50  to  100  ml 
hydrogen  peroxide. 

During  this  treatment,  the  characteristic  olive- 
green  color  of  the  hasin  sediments,  which  was  already 
partly  lost  during  the  acid  digestion,  changed  to  a  gray¬ 
ish  tan.  The  color  change  seems  in  part  to  be  caused  by 
removal  of  organic  pigments,  but  also  probably  by  oxida¬ 
tion  of  colloidal  iron  oxides  adsorbed  on  mineral  grains. 

After  the  organic  matter  was  removed,  the  samples 
were  washed  by  centrifugation  with  100  ml  of  pH  5  sodium 
acetate,  with  100  ml  of  95  percent  ethanol,  and  twice 
with  100  ml  of  IN,  pH  7  sodium  acetate  in  preparation  for 
removal  of  iron  oxides. 

Free  iron  oxides  were  removed  by  the  sodium 
dithionite-citrate-bicarbonate  method  developed  by  Jack- 
son  (1956).  Because  of  the  size  of  the  samples,  the 
quantities  used  by  Jackson  were  quadrupled.  The  samples 
were  placed  in  1  L  beakers,  160  ml  of  0.3M  sodium  citrate 
and  20  ml  of  1M  sodium  bicarbonate  were  added,  and  the 

suspension  heated  to  75°  to  85°C.  Four  grams  of  sodium 
dithlonite  was  added  and  the  suspension  agitated  for  5 
minutes;  this  step  was  repeated  twice.  The  sample  was 
then  cooled,  40  ml  of  acetone  and  50  ml  of  saturated 
sodium  chloride  solution  were  added  to  promote  floccula¬ 
tion,  and  the  liquid  removed  by  centrifugation.  After  the 
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Iron  oxides  were  removed,  the  color  of  the  sediments  was  a 
faint  greenish  gray.  The  green  color  appears  to  be  as¬ 
sociated  with  clay  minerals,  such  as  chlorite,  and  with 
montmorillonite ,  because  the  greenish  color  is  enhanced  in 
the  finest  size  fractions. 

To  achieve  uniform  and  adequate  dispersion  during 
size  analysis  of  the  samples,  the  exchangeable  cations 
were  replaced  with  sodium.  Sodium  saturation  was  carried 
out  by  centrifuge-washing  the  samples  five  times  in  100  ml 
of  IN  sodium  chloride  solution.  Acetone  was  added  when  it 
was  necessary  to  increase  flocculation.  The  samples  were 
5hen  washed  with  150  ml  of  95  percent  ethanol  and  cold- 
stored  until  used. 

Size  Analysis 
Purpose  and  Methods 

The  purpose  of  the  size  analyses  was  twofold;  to 
determine  the  size-frequency  distribution  of  the  detrital 
portion  of  the  sediments,  and  00  determine  individual  size 
frequency  distributions  for  each  mineral.  Mineraloglcal 
analysis  of  individual  size  fractions  usually  requires 
laborious  decantation  procedures,  and  weight  determina¬ 
tions  of  the  fractionated  sample  are  difficult  to  combine 
with  x-ray  clay-mineral  determinations.  The  method 
developed  here  combines  the  fractionation  and  size 
analysis . 


This  method  is  a  modification  of  the  standard 
pipette  analysis  (Krumbein  and  Pettijohn,  1938),  in  which 
two  pipette  aliquots  are  taken  simultaneously  at  each 
interval.  One  aliquot  is  placed  in  a  tared  beaker,  dried , 
and  weighed  in  the  usual  manner,  and  the  other  is  process¬ 
ed  for  mineralogical  analysis.  By  multiplying  the  mineral 
percents  of  each  fraction  by  the  pipette-weight  fraction 
percent,  cumulative  distributions  for  each  mineral  are 
obtained.  Mineral  size-frequency  distributions  can  then 
be  derived  by  incremental  or  graphic  differentiation  of 
the  cumulative  mineral  distributions  in  a  way  analogous 
to  the  method  used  for  total  size  distributions  (Krumbein, 
1934). 

A  one-half  split  of  the  cleaned  samples  was  used 
for  size  analysis;  this  was  equivalent  to  10  to  20  gm  in 
most  instances.  The  half-split  was  wet-sieved  through  a 
62 mesh,  and  the  coarse  fraction  dried  and  weighed.  The 
less  than  62 ^u  fraction  was  placed  in  a  1  L  cylinder,  and 
the  volume  of  the  suspension  adjusted  to  1000  ml.  A  dis¬ 
persing  agent  was  not  needed.  Aliquots  were  taken  at  1- 
Phi  unit  intervals  with  a  double  25  ml  pipette.  One  25  ml 
aliquot  was  used  for  weight  determination,  and  the  other 
saved  for  x-ray  analysis.  After  the  less  than  1 ^u  pipette 
was  taken,  another  double  aliquot  was  removed;  these 
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until  no  less  than  0.25 yu  sediment  remained  in  the 
decantate.  The  less  than  0.25  yj  fractions  were  then 
treated  like  the  pipette  fractions. 

A  computer  program  was  used  to  calculate  size 
fraction  weight  percents,  mean  diameter,  standard  devia¬ 
tion,  skewness,  kurtosis,  and  a  nonparametric  sorting 
index.  Calculation  of  these  measures  requires  the  use  of 
equal  increments.  Since  the  pipette  analysis  was  based  on 
1-Phi  intervals,  the  finer  fractions  were  also  treated  in 
these  intervals.  The  0.25  to  1.0/u  fraction  was  included 
as  two  intervals  with  equal  weight  fractions,  0.5  to  1.0 
yu  and  0.25  to  0.5yU.  The  less  than  0.25  yu  fraction  was 
divided  into  three  equally  weighted  1-Phi  Intervals  to 
spread  out  the  tail  of  the  distribution,  extending  it  to 
0.031  yu.  This  figure  is  close  to  the  minimum  size  of 
clay  minerals;  only  a  small  portion  of  the  clay  minerals 
appear  to  be  smaller  than  0.02yU  (Jackson,  1956). 

The  sorting  index  used  in  this  work  was  derived  by 
Sharp  and  Fan  (1963)  to  provide  a  better  measure  of  dis¬ 
persion  for  multimodal  or  non-normally  distributed  sedi¬ 
ments.  It  is  based  on  a  25-interval  1-Phi  scale  from  +15 
to  -10  Phi  units.  The  sorting  index,  S,  in  percent  sort¬ 
ing,  is  given  by 

/  n  \ 

S  =  100  +  71.5538  I  f.dog.  f  )) 

i=l  1 
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where  f  is  the  fraction  observed  in  the  tth  class,. 

Comparison  of  Pipette  Methods 

A  study  of  four  pipette  techniques  was  undertaken 
to  examine  the  precision  end  accuracy  of  the  double 
pipette  method.  The  methods  investigated  './ere  (l)  one 
standard  50  ml  pipette,  (2)  one  manual  25  ml  pipette,  ( >) 
a  double  25  ml  (50  ml  total)  pipette,  and  (1)  a  combina¬ 
tion  of  a  50  ml  semiautomatic  and  a  25  ml  manual  pipette, 

A  cleaned,  well-uomogenized  sediment  from  Santa 
Monica  Basin  wac  used  as  a  standard.  Approximately  equal 
quantities  of  this  sediment  were  put  intc  1000  ml  sus¬ 
pensions  after  removal  of  the  greater  than  62 /u  fractions. 
A  total  of  four  analyses  was  made  with  each  technique. 

Average  frequency  distributions,  standard  devia¬ 
tions,  and  coefficients  of  variation  for  these  analyser, 
are  shown  in  Figure  3.  The  average  frequency  distribu¬ 
tions  from  the  four  m9thcds  are  similar,  and  there  are  no 
systematic  differences  detectable  among  these  methods. 
Average  coefficients  of  variation  are  lowest,  at  J'-.b  and 
4,7  percent,  for  the  25  ml  and  25-25  ml  methods.  For  the 
25-50  ml  and  50  ml  methods,  average  coefficients  of  varia¬ 
tion  are  5*3  and  3.5  percent,  respectively. 

Reproducibility  of  standard  measures  is  high  for 

all  methods  (Table  1).  Only  the  50  ml  method  has  signifi¬ 
cantly  higher  variation  than  the  other  methods. 


Figure  3.  Precision  of  pipette  methods.  Weight 
fractions,  standard  deviations,  and 
coefficients  of  variations  for  four 
types  of  pipettes  and  for  Bleve 
analysis. 
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Table  1.  Precision  of  standard  measures  for  pipette 

methods;  coefficients  of  variation,  C  (mean/ 
standard  deviation)  for  4  replicate  analyses 


Pipette 

Method 

C.  9? 

,  standard  measures 

Mean 

Phi 

Mean 

Diam. 

mm 

Std.  Dev. 

Skew¬ 

ness 

Kurtosis 

25  ml 

0.2 

0.0* 

0.1 

4.8 

1.6 

25-25  ml 

0.2 

0.0* 

0.5 

2.2 

1.6 

50  ml 

1.2 

0.0* 

0.2 

10.9 

2.8 

25-50  ml 

0.2 

0.0* 

0.1 

1.7 

0.9 

mm. 


*  Variation  is  less  than  0.01 


The  double  25  ml  pipette  method  is  therefore  at 
least  as  accurate  as  the  normal  50  ml  method,  and  probably 
more  so.  The  reason  for  this  may  be  that  the  suspension 
Is  withdrawn  at  two  points  rather  than  one,  which  gives  a 
closer  approximation  of  the  theoretical  cylindrical  sampl¬ 
ing  increment. 


Effect  of  Sample  Weight 

The  effect  of  variation  in  sample  weight  for  size 
analysis  was  studied  in  order  to  detect  any  systematic 
errors  and  to  find  the  optimum  sample  size.  Four  sample 
weights,  approximately  8,  12,  15,  and  19  gm,  were  used; 
and  four  pipette  analyses  were  made  for  each  sample 
weight,  one  by  each  of  the  four  methods  described  above. 

The  variation  in  sample  weights  was  about  2  to  6  percent. 

Coefficients  of  variation  for  pipette  size  frac¬ 
tions  are  shown  in  Table  2.  There  is  no  systematic  error 
in  the  frequency  distributions  with  sample  size.  Average 
coefficients  of  variation  are  between  5  and  6  percent  for 
all  except  the  8  gm  samples,  for  which  they  are  10  percent. 

Coefficients  of  variation  for  standard  measures  are 
again  very  low  (Table  2),  but  there  seems  to  be  no  rela¬ 
tion  between  sample  size  and  precision  of  the  measure. 

From  these  data  it  may  be  concluded  that  sample 
weights  of  10  to  20  gm  are  adequate.  The  error  in 
individual  size  fractions  increases  with  samples  under  10 
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gm,  but  the  standard  measures  are  not  affoctod  by  samples 
as  small  as  8  gm. 

Less  Than  2  Kloron  Centrifuge  ?raotlons 

A  comparison  was  made  between  loss  than  2/u  frac¬ 
tion  weights  as  determined  by  oontrlfugatlon  and  by  pip»t.te 
methods,  because  less  than  2 ^u  centrifuge  frnctlone  were 
used  to  make  a  detailed  determination  of  clay  mineralogy 
in  addition  to  the  pipette  fraction  analysis.  Fifty-ml 
aliquots  for  centrifugation  were  removed  from  olght  sus- 
penslons  on  which  pipette  analyses  had  betn  performed.  A 
total  of  six  centrifugations  was  made  on  each  aliquot,  and 
the  less  than  2 decantate  dried  and  weighed.  The  centri¬ 
fuge  fraction  weight  m.i  compared  to  the  less  than  2 /i 
pipette  fraction  weight  after  the  former  had  been  corrected 
for  the  removal  of  a  less  than  1  u  aliquot  from  the  sus¬ 
pension  as  part  of  the  pipette  analysis.  For  six  of  the 
analyses,  the  variation  between  the  two  methods  is  about 
5  percent  at  the  95  percent  confidence  limit.  For  the 
remaining  two  analyses,  clay  cake  contamination  raised  the 
centrifuge  fraction  weights  about  20  percent. 

Carbonate  Analysis 

Samples  for  calcium  carbonate  determination  were 
obtained  from  the  remaining  one-hcif  split  of  the  cores  at 
intervals  corresponding  to  those  at  which  tho  samples  for 
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elto  and  mineral  analysis  were  taken.  The  eamplee  for 
carbonate  analysis  were  then  dried  and  finely  ground.  Cal¬ 
cium  carbonate  wae  determined  gaeometrically  by  hydroxide 
absorption  on  a  L2C0  machine  by  a  technique  described  by 
Kolpaok  and  Eell  (1968). 

X-Ray  Mineralogy 
Methods 


Pipette  Practlone 

Five  else  fractlone  In  2-Phl  unit  Intervals,  the 
leeo  than  62,  16t  4,  1,  and  0.25/u  fractions,  were  used 
for  x-ray  diffraction  analysis.  These  fractions  were 
saturated  with  Mg441  in  order  to  reduce  variations  caused 
by  exchangeable  cations,  and  to  allow  determination  of 
vermicullte.  The  aliquots  were  centrifuge-washed  twice 
with  10  ml  of  IN  magnesium  chloride,  then  with  IN,  pH  7 
magnesium  acetate  to  remove  exchangeable  H4,  and  once  with 
IN  magnesium  chloride.  Exoess  salts  were  removed  by  three 
to  four  centrifuge  washes  with  50  ml  water-ethanol  mix¬ 
tures.  For  the  final  wash,  95  percent  ethanol  was  used 
to  keep  the  sediment  flocculated  during  centrifugation. 

An  Internal  standard,  reagent-grade  calcium 
carbonate  powder  was  added  tu  the  magnesium-saturated 
sediment  in  amounts  30  percent  of  the  dry  weight  of  the 
aliquots.  The  standard  was  used  to  make  quantitative 
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x-ray  determinations  of  the  non-clay  minerals. 

Sufficient  water  was  then  added  to  the  sediment  and 
standard  to  make  a  thick  suspension.  After  thorough 
agitation,  1  to  2  ml  of  the  suspension  was  transferred  to 
a  porous  porcelain  plate  and  onto  a  glass  slide.  The 
porcelain  mount  was  used  for  clay  mineral  analysis,  and 
the  slide  for  the  non-clay  minerals.  One  ml  of  10  percent 
glycerol  solution  was  added  to  the  tiles  while  the  sedi¬ 
ment  was  still  moist.  Glass  slides  had  to  be  UBed  for  the 
non-clay  minerals  because  the  diffraction  pattern  of  the 
tiles  interferes  in  the  angular  range  where  the  non-clay 
minerals  were  determined.  The  slide  mount  was  scanned 
three  times,  for  higher  precision,  over  the  major  peaks  of 
the  non-clays  and  the  standard. 

The  problem  of  clay  mineral  segregation  on  glass 
slides  has  been  noted  by  Gibbs  (1965) »  and  porous  porcelain 
plates  were  used  for  all  clay  mineral  analyses  to  avoid 
this  error.  The  porosity  of  the  porcelain  plates  is 
enough  to  remove  about  3  ml  of  water  in  a  few  minutes  by 
capillary  suction,  thus  preventing  most  settling  effects. 

In  addition,  the  high  density  of  the  suspension  also  in¬ 
hibits  segregation. 

To  find  the  degree  of  segregation  actually  taking 
place  when  mounting  sediments  studied  in  this  work  on 
glass  slides,  five  replicate  analyses  of  less  than  2^u 
clays  were  made  by  tiles  and  by  slides.  Segregation  was 
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significant  for montmorillonite ,  which  was  24  percent 
higher  on  the  slide,  and  for  kaolinite,  which  was  25  per¬ 
cent  lower  on  the  slide.  Other  clay  minerals  varied  5 
percent  or  less. 

Less  Than  2  Micron  Fractions 

In  addition  to  the  pipette  fractions,  clay  mineral 
analyses  were  performed  on  less  than  2/u  centrifuge 
fractions  of  the  cleaned  samples.  This  was  done  because 
it  was  desirable  to  have  a  clay  mineral  analysis  of  higher 
precision  and  greater  scope  than  is  possible  with  the 
pipette  fractions,  where  small  sample  size  and  dilution 
by  addition  of  the  standard  reduce  diffraction  intensity. 

The  less  than  2 fractions  were  recovered  by 
centrifugation  from  a  quarter-split  of  the  cleaned 
samples.  Three  aliquots  were  taken  from  the  centrifuged 
suspension  and  saturated  with  Mg++,  K+,  and  Li+.  The 
magnesium-saturated  aliquots  were  used  for  the  basic  clay 
mineral  analysis,  the  potassium-saturated  aliquots  for  a 
determination  of  potassium  fixing,  and  the  lithium- 
saturated  aliquots  for  a  determination  of  beidellitic 
montmorillonite  by  a  method  developed  by  Greene-Kelly 
(1953)*  Potassium  and  lithium  saturation  procedures  were 
similar  to  the  procedure  for  magnesium  described  above. 

The  washes  were  with  99  percent  methanol  followed  by  100 
percent  acetone  to  keep  the  clay  flocculated;  also, 


saturated  lithium  chloride  was  substituted  for  the  IN 

solution  in  the  first  step  of  the  lithium-saturation  pro¬ 
cedure. 

One  mount  on  a  porous  porcelain  was  made  for  each 

of  the  magnesium,  potassium,  and  lithium-saturated  ali¬ 
quots.  The  magnesium  clay  was  additionally  treated  with 
glycerol,  and  the  potassium  saturated  mount  vapor- 
saturated  with  ethylene  glycol.  The  magnesium-saturated 
mounts,  including  those  from  the  pipette  fractions,  were 
scanned  after  glycerol  treatment,  ar  ’  again  after  they 
had  been  heated  12  hours  at  4o6°C  and  at  600°C.  Potas¬ 
sium-saturated  mounts  were  scanned  after  the  glycol  treat¬ 
ment,  and  again  after  a  12  hour  heating  at  400°C.  The 
lithium-saturated  mounts  were  scanned,  heated  at  200°C  for 
12  hours,  treated  with  glycerol,  and  scanned  again. 

X-Ray  Diffraction  Techniques 

X-ray  diffraction  analyses  were  made  with  Ilorelco 
wide-angle  goniometers  and  instrumentation.  Copper  K- 
alpha  radiation;  1°  divergence  and  antiscatter  slits,  and 
a  receiving  0.006"  slit;  a  scanning  rate  of  1°  2-theta/ 
min;  and  a  recorder  chart  speed  of  0.5  in/min,  with  a  2 
sec  time  constant,  was  used  for  all  scans. 

Non-clay  mineral  determinations  were  made  with  a 
proportional  counter  and  graphite-crystal  monochromator 
system  using  50  kv  and  30  ma  full-wave  power.  For  the  clay 
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analyses,  a  scintillation  counter  and  nickel-filter  system 

at  40  kv  and  30  ma  continuous  power  was  employed  because 
this  system  allowed  scanning  as  low  as  2°  2-theta,  as 
compared  to  3°  2-theta  for  the  monochromator. 

During  the  clay -mineral  scans,  the  x-ray  intensity 
was  monitored  every  hour  with  a  silicon  powder  standard. 

Two  100  sec  scans  were  made  over  the  silicon  (111)  peak, 
and  the  count  number  used  to  calibrate  the  clay  mineral 
peak  intensities.  This  procedure  was  required  because 
multiple  scans  were  needed  for  the  clay  mineral  determina¬ 
tions. 

Integrated  peak  intensities  of  the  clay  mineral 
basal  reflections  were  determined  planimetrically  after 
the  low-angle  background  had  been  faired  with  a  French 
curve.  Peak  areas  were  then  adjusted  for  variations  in 
x-ray  intensity  with  the  silicon  calibration-standard 
Intensity. 


Non-Clay  Minerals 


Identification 

Non-clay  minerals  detected  in  the  silt  and  clay 
fractions  were  quartz,  plagioclase,  potassium  feldspar, 
and  amphibole. 

Quartz  is  an  abundant  constituent  in  the  silt 
fractions  and  was  identified  on  the  basis  of  its  4.26  A 
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(100)  and  3.34  A  (101)  peaks.  For  quantitative  determina¬ 
tion,  both  peaks  were  measured,  but  only  the  weaker  (100) 
peak  was  used  because  the  3.33  A  (003)  illite  peak  was 
found  to  interfere  significantly  with  the  (101)  quartz 
peak. 

Feldspars  were  Identified  by  their  6.4  A  (020)  and 
3.17  A  to  3.25  A  (040)  peaks.  In  the  coarse  silt  frac¬ 
tions,  a  number  of  Intermediate  peaks  were  also  observed. 
The  distinction  between  plagioclase  and  K-feldspar  is 
made  difficult  by  overlapping  peaks,  and  by  peak  shifts  in 
both  minerals  caused  by  compositional  variation  and 
temperature  of  crystallization.  Since  the  feldspars  were 
usually  present  in  quantities  under  10  percent  of  the 
total  sediment,  only  the  (040)  peak  complex  could  be  used 
as  a  quantitative  estimate.  For  pragloclase,  this  peak 
is  at  3.19  A,  and  for  K-feldspar  it  is  at  3.24  A.  How¬ 
ever,  there  is  some  ambiguity  in  these  peaks  which  cannot 
be  resolved  because  both  feldspars  may  in  some  instances 
have  peaks  at  3.19  A  and  3.24  A. 

Amphibole  was  identified  in  many  samples  on  the 
basis  of  its  8.4  A  (110)  peak.  This  spacing  is  normal  to 
the  110  cleavage  of  amphibole.  The  prominent  cleavage 
causes  preferred  orientation  of  amphibole,  with  the  re¬ 
sult  that  the  (110)  peak  is  enhanced.  This  allows  detec¬ 
tion  of  minute  quantities  of  amphibole. 
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Quantitative  Analysis 

Quartz,  plagioclase,  K-feldspar,  and  amphibole  were 
determined  quantitatively  by  x-ray  diffraction  with  an 
internal  standard  technique  (Klug  and  Alexander,  195^). 

The  method  can  be  expressed  by  the  relations 


where  X^  and  Xs  are  the  weight  fractions  of  the  1th  compo¬ 
nent  and  the  internal  standard,  s;  1^  and  Is  are  the  inte¬ 
grated  peak  Intensities  of  the  ith  component  and  the 
internal  standard,  and  k*  and  K  are  constants.  The  ad¬ 
vantage  of  this  method  is  that  when  the  standard  is  added 
in  a  constant  proportion,  the  concentration  of  the  unknown 
component  is  a  linear  relation  of  I./l  . 

Calibration  curves  were  made  by  preparing  a  number 
of  mixtures  in  varying  proportions  of  finely  ground  quartz, 
low  andesine,  orthoclase,  and  hornblende  with  aliquots  of 
less  than  2 /u  suspensions  of  known  sediment  concentration 
from  Santa  Monica  Basin  sediment.  Reagent-grade  calcite 
powder  was  used  as  the  internal  standard  and  added  in 
amounts  equal  to  30  percent  of  the  dry  weight  of  the 
aliquot  plus  the  standard  mineral.  After  thorough  mix¬ 
ing,  two  glass-slide  mounts  were  made  for  each  concentra¬ 
tion  of  each  mineral.  Five  scans  over  different  portions 
of  each  slide  were  recorded,  average  I./i  ratios  deter- 
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mined  for  each  concentration,  and  calibration  curves 
drawn  from  these.  The  curves  were  corrected  for  the 
small  amounts  of  minerals  to  be  determined  that  were 
present  in  the  less  than  2/u  fraction  of  the  sediment, 
and  the  final  curves  (fig.  4)  used  to  determine  mineral 
concentration  in  unknown  mixtures.  Because  of  the 
ambiguities  encountered  in  the  feldspar  determinations, 
particularly  K-feldspar,  the  andesine  calibration  curve 
was  used  for  both  plagioclase  and  K-feldspar. 

Because  of  the  large  number  of  determinations  made, 
peak  heights,  rather  than  Integrated  peak  areas,  were  em¬ 
ployed  in  these  analyses,  and  this  accounts  for  the  devia¬ 
tion  from  linearity  in  the  calibration  curves  at-  very  low 
concentrations. 


Clay  Minerals 


Identification 

The  clay  mineral  groups  identified  in  the  basin 
sediments  include  kaolinite,  chlorite,  vermiculite, 
illlte,  montmorlllonite ,  and  talc/pyrophyllite .  In  addi¬ 
tion,  expandable  mixed  layer  clays,  beidellitic  montmoril- 
lonite,  and  potassium-fixable  clays  are  present  to  some 
degree . 

Kaolinite  was  identified  by  basal  spacings  of  7.1  A 
and  3.5  A.  These  spacings  remain  unaffected  by  all  treat- 


Figure  4.  X-ray  diffraction  calibration  curves 
for  quartz,  feldspar,  and  amphibole 


using 

peak) 


30  percent  calclte  ((104) 
as  internal  standard. 
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ments  except  heating  at  600°C,  which  eliminates  thorn.  The 
kaolinite  peaks  are  moderately  sharp,  indicating  fairly 

good  crystallization.  Upon  glycerol  saturation,  the  7  A 
peak  often  developed  a  low  shoulder  that  extended  to  about 
8  A.  This  reflection  appears  to  be  caused  by  partly  ex¬ 
panded  halloysite  (Brindley,  1961).  Tubular  structures 
believed  to  be  halloysite  have  been  observed  in  electron 
micrographs  of  clays  from  submarine  canyons  in  the  border- 
.and  (H.  B.  Zimmerman,  unpublished  report). 

Chlorite  is  characterized  by  a  basal  spacing  of 
about  14  A,  and  a  sequence  of  higher  order  peaks  at  7  A, 

4.8  A,  and  3.5  A.  Upon  heating  at  600°C,  a  sharp  peak 
develops  at  13.8  A,  and  the  higher  order  peaks  disappear. 

Vermiculite  could  not  be  identified  directly  since 
its  basal  spacings  are  similar  to  those  of  chlorite.  Its 
presence,  however,  could  be  inferred  by  comparison  of  the 
14  A,  magnesium-glycerol  peak  with  the  13.8  A  chlorite 
peak  after  600°c  heat  treatment.  Magnesium-glycerol  treat¬ 
ment  is  the  only  sure  method  of  distinguishing  vermiculite 
from  montmorillonite.  With  this  treatment,  vermiculite 
will  not  expand  as  it  may  under  other  conditions  (Y/alker, 
1961).  This  means  of  vermiculite  identification  does  not 
give  unequivocal  results  in  the  presence  of  chlorite,  and 
may  result  in  erroneous  Identification  if  poorly  crystal¬ 
lized  chlorites  that  do  not  develop  a  good  13.8  A  peak  are 
present  in  the  mixture. 


1111  to  waa  Identified  ao  being  thoco  minerals  which 
give  a  series  of  basal  reflections  at  10  A,  5  A,  and  3.3 
A  that  is  unaffected  by  nation  exchango,  glycerol  satura¬ 
tion,  and  heat  treatments.  The  borderland  lllltoo  have 
fairly  sharp  peaks,  indicating  reasonably  good  crystal¬ 
linity.  Although  (060)  reflections  were  not  mensurable 
owing  to  the  number  of  minerals  in  the  mixture,  most  of 
the  llllte  may  be  assumed  to  be  dioctahedral .  Minor 
amounts  of  blotlte,  glauconite,  and  mixod-loyor  clays  may 
also  be  included  in  this  classification. 

Montmorillonite  was  identified  by  a  14.5  A  basal 
reflection  that  expanded  to  17.8  A  with  glycerol  treatment 
after  magnesium  saturation.  In  the  potassium-saturated 
state,  it  contracts  to  12.3  A.  Upon  heating  to  400°C  or 
more,  all  these  spacings  collapse  to  10  A.  Normal  mag¬ 
nesium  montmorillonite  has  a  basal  spacing  of  15.5  A, 
which  corresponds  to  the  presence  of  two  molecular  water 
layers;  and  potassium  montmorillonite  has  a  spacing  of 
12.4  A  spacing,  which  corresponds  to  one  molecular  water 
layer  (MacEwan,  1961).  The  observed  lack  of  complete  ex¬ 
pansion  in  the  magnesium-saturated  state  may  indicate  some 
random  mixed-layering  with  llllte  (Weaver,  1956).  The 
(060)  spacing  of  montmorillonite  could  not  be  determined. 
However,  its  greenish  color,  which  becomes  a  rusty  buff 
upon  heat  treatment,  suggests  that  a  considerable  amount 
of  iron  may  be  present  in  the  montmorillonite;  and  there- 
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fore  tr ioctahedral  montmorillonite  may  occur  in  signifi¬ 
cant  amounts. 

Expandable  mixed-layer  clay  appears  to  be  fairly 
abundant  in  the  basin  sediments.  Mixed  layering  was  esti¬ 
mated  by  a  method  developed  by  Schultz  (1964),  in  which  an 
'cess  intensity  of  the  10  A  peak  after  heating  to  400°C, 
when  the  intensities  of  illlte  and  montmorillonite  have 
bden  accounted  for,  is  attributed  to  mixed  layers.  The 
mixed-layer  clay  appears  to  be  mainly  montmorillonite  with 
minor  amounts  of  illlte  because  expansion  to  17  A  or  more 
was  always  observed  with  glycerol  treatment,  and  also  be¬ 
cause  no  other  spacings  attributable  to  mixed  layering 
were  present  after  the  400°C  heating.  A  "crystallinity 
index"  as  used  by  Blscaye  (1965) »  which  is  a  ratio  of  the 
17  A  montmorillonite  peak  heights  to  the  depth  of  the 
"valley"  at  about  4°  2-theta,  was  determined  in  .  few  basin 
sediments  in  a  preliminary  study.  Because  of  the  large 
errors  encountered  in  measurement  at  very  low  angles,  and 
because  t_  number  of  factors  can  affect  this  index,  It  was 
not  further  used.  There  was  no  correlation  between  the 
mixed  layer  cloy  as  determined  by  Schultz's  method  and 
Blscayo'o  crystallinity  index. 

Beldelllto,  as  determined  with  a  test  developed  by 
Greeno-Kelly  (1953),  was  present  in  all  samples.  With 
this  test,  an  expanded  spacing  of  17.7  A  for  lithium- 
caturatod  montmorlllonlto,  after  heating  at  200°  C  to 
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300°C  and  subsequent  treatment  with  glycerol,  indicates 
the  presence  of  beidellite  or  a  trloctahedral  montmoril- 
lonite.  The  presence  of  beldellitic  montmor illonlte  by 
this  test  supports  the  observation  that  trloctahedral 
montmorlllonite  is  present  on  the  basis  of  the  green  color. 

Expandable  minerals  which  are  irreversibly  crn- 
tracted  to  10  A ,  or  "fixed"  by  Interlayer  potassium  ions, 
were  found  in  minor  quantities  in  the  basin  sediments. 

These  minerals  do  not  re-expand  with  ethyene  glycol  treat¬ 
ment  after  the  exchangeable  cations  are  replaced  with 
potassium.  In  addition,  the  expansion  that  did  occur  in 
the  montmorlllonite  was  always  Incomplete,  which  again 
confirms  the  illitic  character  of  some  of  the  montmoril- 
lonlte  as  was  seen  in  the  mixed-layer  clay. 

Talc  and/or  pyrophylllte  was  identified  in  Santa 
Catalina  Basin  sediments  by  a  9.1  A  to  9.3  A  shoulder  on 
the  10  A  illlte  peak.  Because  of  the  lack  of  resolution, 
the  mineral  is  probably  talc,  which  has  a  basal  spacing  of 
9.3  A. 


Quantitative  Aspects 

Proportions  of  clay  minerals  were  determined  ser.l- 
quantltatlvely  by  multiple  ratio  methods  (Copeland,  190), 
similar  in  principle  to  that  first  usod  on  clays  by  Johns, 
Grim,  and  Bradley  (195*);  and  in  part  by  a  technique 
developed  by  Schultz  (196*). 
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To  make  the  multiple  ratio  method  truly  quantita¬ 
tive,  intensity  factors  must  be  determined  experimentally 
for  each  phase,  and  all  phases  must  be  included  in  the 
calculation.  These  requirements  were  approximated  by  us¬ 
ing  estimated  peak-intensity  factors,  and  by  assuming  that 
the  clay  minerals  comprise  100  percent  of  the  fraction 
analyzed.  The  latter  requirement  is  closely  approached  in 
the  less  than  2 /u  fractions,  and  partly  corrected  for  in 
the  coarser  fractions  by  quantitative  analysis  of  the  non¬ 
clay  minerals.  X-ray-amorphous  matter  and  minor  quantities 
of  other  minerals  are  not  Included  in  the  calculation. 

The  estimation  of  intensity  factors  1b  a  more  dif¬ 
ficult  problem.  These  could  be  determined  experimentally 
only  in  one  Instance;  and  intensity  factors  similar  to 
those  used  by  other  workers  (Johns,  Grim,  and  Bradley, 

1954;  Schultz,  1964;  Gibbs,  1967a)  were  taken  for  the  re¬ 
mainder. 

The  Intensity  factors  used  were:  (a)  unity  for  all 
10  A  peak  areas  and  peak  heights,  including  llllte  on  the 
glycerol-saturated  mount,  and  llllte,  montmoriilonlte,  and 
mixed-layer  clays  after  400°C  heat  treatment;  (b)  4  for 
the  18  A  montmoriilonlte  peak  area;  (c)  3  for  the  18  A 
montmoriilonlte  peak  nought;  (d)  2  for  the  7  A  kaolonlte 
peak  area;  (e)  3  for  the  13.8  A  chlorite  peak  area  after 
heating  to  600°C;  and  (f)  3  for  the  14  a  vorclculitc  poak 
area  on  the  glycerol  saturated  mount.  A  chlorite  peak 
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height  ratio  of  2  was  assumed  for  the  600°C-peak  at  14  A 
to  the  untreated  14  A  peak;  and  a  14  A-600°C  chlorite  to 
7  A  untreated  chlorite  peak  area  ratio  of  1.5  was  experi¬ 
mentally  determined. 

The  quantitative  distinction  of  chlorite  and 
kaolinite  is  one  of  the  more  difficult  and  critical 
problems  in  clay  mineralogy.  One  solution  is  to  use  a 
3.5  A  (002)  kaolinite  to  (004)  chlorite  peak  ratio  (Grim, 
Bradley,  and  White,  1957);  another  1b  to  use  the  4.8  A 
(003)  chlorite  peak  (Griffin  and  Goldberg,  1963);  and  a 
third  is  utilizing  the  14  A  (001)  peak  after  600°C  heat 
treatment  (Schultz,  1964).  The  third  method  was  applied 
in  this  study.  Resolution  of  the  3.5  A  peaks  was  poor, 
and  the  diffraction  patterns  of  the  tiles  resulted  in 
interference.  It  was  also  difficult  to  accurately  measure 
these  superimposed  peak  heights.  The  (003)  chlorite  peak 
was  weak,  and  suffered  from  Interference  by  the  (002) 
llllte  peak.  The  14  A-600°C  peak,  on  the  other  hand,  in 
free  from  Interferences,  but  careful  temperature  control 
during  heating  and  close  monitoring  of  the  x-ray  Intensity 
are  essential. 

Kaolinite  was  measured  on  the  basis  of  lto  7  A 
peak  area  on  the  glycerol-saturated  mount.  In  order  to 
determine  the  true  Intensity  of  this  peak,  the  Interfering 
chlorite  was  removed  from  a  sample  of  Santa  !.onica  Basin 
cloy  by  acid  dissolution.  The  lntonolty  of  the  7  A 
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chlorite  peak  as  compared  to  the  14  A-600°C  chlorite  peak 
can  then  be  expressed  by: 

i^A-SOQ0  chlorite _  =  I14a-600°  chlorite _ 

*7A-untreated  chlorite  *7A  kaol+chlor  -  *7A-kaol, 

acld-3  eanhod 

where  I  is  the  Integrated  peak  area. 

Chlorite  was  removed  by  leaching  the  less  than  2/u 
fraction  in  6N  HC1  at  60°C  for  varying  lengths  of  time. 
Absolute  intensities  of  the  7  A  peaks  were  measured  on  the 
leached  alinuots  and  also  on  the  unleached  sample,  and  a 
time-intensity  curve  plotted.  This  was  necessary  because 
the  chlorite  was  removed  faster  than  expected,  and  some 
kaollnite  was  also  lost  (fig.  5).  Since  kaolinlte  solu¬ 
tion  seemed  to  follow  a  slow,  linear  rate,  a  straight- 
line  extrapolation  was  made,  and  the  extrapolated  intens¬ 
ity  of  the  7  A  kaolinlte  peak  was  used  in  the  computation 
of  the  chlorite  ratio.  3y  this  method,  a  value  of  1.5 
was  obtained  for  the  14  A-600°c-7  A  chlorite  ratio;  and 
with  this  factor,  the  kaolinlte  peak  area  can  be  derived 
by  subtracting  1/1.5  of  the  14  A-600°C  chlorite  peak  area. 

Quantitative  estimation  of  vermiculite  in  the 
presence  of  chlorite  and  montoor illonite  apparently  has 
not  been  reported  before.  The  method  employed  here 
utilises  the  difference  in  peak  heights  between  the  14 
A-glycorol  and  14  a-600°C  chlorite  peaks  ao  an  estimate  of 
vermiculite.  Poak  heights  wore  used  because  the  uncertain- 
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Figure  5.  Determination  of  7  A  kaollnlte  peak 
Intensity  by  dissolution  of  chlorite 
with  6N  HC1.  Dashed  line  Is 
kaollnlte  solution  curve. 
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ties  of  the  method  do  not  make  it  advantageous  to  use  peak 
areas.  Conversion  to  peak  area,  in  order  to  include 
vermiculite  in  the  multiple-ratio  calculation,  is  made  by 
obtaining  a  vermiculite-chlorite  peak  height  ratio  and 
multiplying  by  the  14  A-600°C  chlorite  peak  area. 

The  ratio  percent,  X,  of  any  particular  included 
clay  phase  can  be  calculated  from  the  equation 

X,  %  =  100.  _ kP  _ 

3C  +  2K  =  I  +  Am  +  3V 

where  C,  K,  I,  M,  and  V  are  the  intensities  of  chlorite, 
kaolinite,  illite,  montmorillonite,  and  vermiculite;  P  1b 
any  of  the  phases  in  the  denominator;  and  k  is  its  cor¬ 
responding  intensity  factor.  Peak  Intensities  of  the 
phases  are  given  by  the  equations 
C  =  (14A-6000  peak  area) 

K  =  (7A-glycerol  peak  area)  -  (1.5  (14A-6000 
peak  area) ) 

I  =  (10A-glycerol  peak  area) 

M  =  (18A-glycerol  peak  area) 

and 

V  =  (14a-600°  peak  area). 

•  (!4A-glycerol  peak  height)  -  (0.5(14a-60Q°  peak  height)) 

(1*A-600U  reak  height) 

The  percent  of  expandable  mixed-layer  cloy  was 
estimated  by  the  method  of  Schultz  (1964).  With  this  cal¬ 
culation,  the  proportions  of  illite,  montmorillonite,  and 
mixed-layer  clay  are  based  on  their  common  10  A  peak  after 
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heating  to  400°c.  In  calculating  this  parameter,  It  Is 
necessary  to  determine  the  ratio  percents  of  the  other 
clay  minerals  because 

mixed-layer  clay,  %  -  100  -  (kaolinite,  %  + 
chlorite,  %  +  illite  %,  +  vermiculite,  %) 

The  equations  to  determine  kaolinite,  chlorite,  illite, 
and  montmorillonite  are  the  same  as  those  presented  by 
Schultz  (1964),  and  the  intensity  factors  listed  above 
were  used.  Vermiculite  was  calculated  by  the  equation 

vermiculite,  %  =  (100  -  kaolinite,  %  -  chlorite,  %) . 

. (14a -glycerol  peak  height)  -  (0. 5(l4A-600°  peak  height) 

3  (10A-4000  peak  height) 

These  calculations  were  originally  used  for  all 
minerals.  However,  errors  resulting  from  the  10  A-400°C 

peak  were  larger  than  expected  because  temperature  control 
was  not  satisfactory.  Therefore,  this  method  was  discarded 

save  for  the  mixed-layer  clay  calculations. 

The  percent  beldellitlc  montmorillonite  was  cal¬ 
culated  from  ratios  of  the  10  A-glycerol  peaks  to  the 
10  A -200-400°C  peaks  of  the  lithium  and  magnesium- 
saturated  fractions  by  the  equation 
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; 


beidellltic  montmorillonite  of  total  montmoril- 
lonlte  and  mixed-layer  clays,  %  = 

1  -  (1QA-L1-2000  glycerol  peak  area) 

(l0A-Ll-200Ll  peak  area) 

_  .  100 

1  -  (lOA-Mg  glycerol  peak  area) 

(lOA-Mg  peak  area) 

The  percent  of  potassium-fixable  expandable  clay 
was  similarly  calculated;  here  10  A  peaks  of  potassium  and 
magnesium-saturated  clays  were  compared  after  glycerol  nnd 
glycol  treatment,  and  after  heating  to  400°C,  by  the 
equation 

Potassium-fixable  expandable  clay  in  the  total 
expandable  fraction,  %  = 


1  -  (10A-K  glycol  peak  area) 
(10A-K-400U  peak  area) 

1- 

, 

1  -  (lOA-tig  glycerol  peak  area) 

_  (10A-Mg-400°  peak  area) 

> 

Computation  of  the  clay  mineral  ratio  percents  was 
performed  with  a  computer  because  of  the  large  number  of 
calculations  which  had  to  be  made  on  each  sample.  In  the 
case  of  the  pipette  size-fraction  calculations,  weight 
fractions,  ncn-clay  mineral  weight-percents,  and  clay 
mineral  peak  intensities  were  combined  in  one  program  which 
calculated  the  total  mineralogy  on  a  weight-percent  basis 
of  all  size  fractions. 
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Long-term  Reproducibility 

Long-term  reproducibility  was  determined  for  all 
parameters  in  order  to  estimate  cumulative  errors  in  all 
analyses.  For  this  purpose,  eight  splits  of  the  standard 
sample  were  processed  at  Intervals  with  all  analyses  as 
they  were  performed  on  the  sediments.  Mean  values, 
standard  deviations,  and  coefficients  of  variation 
(standard  deviation/mean}  were  calculated  for  all  para¬ 
meters  (Table  3). 

Standard  deviations  are  generally  low  for  carbonate 
and  size  parameters.  An  exception  is  kurtosis;  the  large 
variation  of  this  parameter  appears  to  be  due  to  the  low 
values  encountered.  Individual  size  fractions  are  less 
reproducible,  and  have  coefficients  of  variation  of  10  to 
20  percent,  and  10  to  15  percent  for  all  but  the  very 
small  fractions  and  the  sieve  fractions. 

Less  than  2yu  clay  mineral  ratio  percents  have 
good  reproducibility  for  the  amounts  present.  Mixed- 
layer  clay,  potassium-fixable  clay,  and  beidelllte  ratio 
percents,  however,  have  large  standard  deviations.  These 
are  attributable  mostly  to  the  10  A  peak  after  heat  treat¬ 
ment  at  400°C.  The  reproducibility  of  this  peak  proved  to 
be  low  because  temperature  control  during  heat  treatment 
was  Inadequate.  Disorientation  of  the  clay  mount  upon 
glycerol  saturation,  and  possibly  incomplete  cation  ex¬ 
change  in  the  lithium-saturated  clays,  contribute  to  the 
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Table  3.  Long-term  reproducibility  of  sediment  and 
mineral  parameters  of  8  replicate  analyses 
of  a  basin  sediment 


X  =  mean,  s  =  standard  deviation,  C,  %  =  100  (X/s) 
_ X _ s _ Ct  % 


Mean  Phi 

6.90 

0.094 

1.4 

Mean  diam.  ,/u 

8.4 

0.58 

7 

Standard 

deviation 

2.97 

0.097 

3 

Skewness 

0.91 

0.051 

6 

Kurtosis 

-0.06 

0.11 

195 

Sorting  index 

29 

1.18 

4 

CaCO^,  ^ 

5.19 

0.19 

4 

Size  Fraction  V/elght 

Percents, 

Microns 

500-1000  (sieve) 

0.03 

0.019 

62 

250-  500  (sieve) 

0.12 

0.038 

31 

125-  250  (sieve) 

2.40 

0.41 

17 

62-  125  (sieve) 

6.90 

0.62 

9 

31-  62  (pipette) 

23.0  d 

3.31 

14 

16-  31  (pipette) 

8-  16  (pipette) 

17.12 

2.66 

16 

13.23 

1.52 

12 

4-  8  (pipette) 

7.27 

0.79 

11 

2-  4  (pipette) 

6.20 

0.74 

12 

1-  2  (pipette) 

4.77 

0.72 

15 

1-0.25  (pipette) 
Less  than  0.25 

9.94 

1.63 

16 

(centrifuge) 

8.13 

1.55 

19 

Table  3 
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.  Long-term  reproducibility  of  sediment  and 
mineral  parameters  of  8  replicate  analyses 
of  a  basin  sediment  (continued) 


X 

8 

c .  % 

Less  Than  2  Micron  Clay  Mineral  Ratio  Percents 

Illlte 

37.4 

1.4 

4 

Montmorillonite 

47.1 

2.2 

5 

Vermiculite 

3.3 

0.6 

20 

Chlorite 

4.2 

0.5 

13 

Kaolinlte 

8.0 

1.7 

21 

Mixed-layer  clay 

29.5 

8.1 

27 

K-fixable  clay 

6.2 

6.1 

99* 

Beidellitic  clay 

*  Of  expandable 

51.7 

clay  fraction. 

18.1 

35* 

Pipette  Fraction 

Mineral  Percents. 

Fractions  in 

Microns 

Quartz 

16-62 

14.0 

3.4 

24 

4-16 

5.0 

1.2 

23 

1-  4 

0.94 

0.19 

21 

0.25-1 

o;4o 

0.061 

15 

<  0.25 

0.0 

0.0 

0.0 

Plagioclase 

16-62 

4.2 

1.5 

36 

4-16 

0.94 

0.21 

22 

1-  4 

0.13 

0.046 

35 

0.25-1 

0.05 

0.014 

28 

<  0.25 

0.0 

0.0 

0.0 

K-feldspar 

16-62 

1.5 

0.60 

41 

4-16 

0.24 

0.077 

32 

1-  4 

0.04" 

0.023 

50 

0.25-1 

0.026 

0.006 

21 

C  0.25 

0.0 

0.0 

0.0 

48 


Table  3.  Long-term  reproducibility  of  sediment  and 
mineral  parameters  of  8  replicate  analyses 
of  a  basin  sediment  (oontinued) 


X 

s  C ,  % 

Pipette  Fraction  Mineral  Percents, 

Fractions  in  Microns 

f continued) 


Amphibole 


16-62 

0.25 

0.076 

31 

4-16 

0.091 

0.035 

38 

1-  4 

0.047 

0.008 

18 

0.25-1 

0.0 

0.0 

0.0 

<  0.25 

0.0 

0.0 

0.0 

Illite 

16-62 

16.5 

5.8 

35 

4-16 

7.8 

2.3 

29 

1-  4 

5.4 

1.7 

31 

0.25-1 

4.4 

1.3 

29 

<,0.25 

1.5 

0.42 

28 

Montmorillonite 

Id-62 

0.93 

5.0 

540 

4-16 

3.9 

1.9 

48 

1-  4 

1.4 

1.2 

83 

0.25-1 

2.8 

1.0 

36 

<0.25 

6.0 

1.0 

17 

Vermlculite 

16-62 

2.3 

0.87 

38 

4-16 

0.42 

0.41 

97 

1-  4 

0.29 

0.23 

81 

0.25-1 

0.42 

0.21 

49 

<0.25 

0.038 

0.027 

70 

Chlorite 

16-62 

2.5 

1.5 

59 

4-16 

1.1 

0.70 

63 

1-  4 

0.61 

0.13 

21 

0.25-1 

0.44 

0.097 

22 

<  0.25 

0.049 

0.053 

109 

Table  3.  Long-term  reproducibility  of  sediment  and 
mineral  parameters  of  8  replicate  analyses 
of  a  basin  sediment  (continued) 


Pipette  Fraction  Mineral  Percents,  Fractions  in  Microns 
(continued) 


Kaolinlte 


16-62 

1.1 

1.9 

166 

4-16 

0.97 

1.1 

110 

1-  4 

2.1 

0.85 

41 

0.25-1 

1.4 

1.0 

73 

<  0.25 

0.60 

0.40 

67 

Less  Than  62  Micron 

Fractions 

Quartz 

22.5 

3.7 

16 

Plagioclase 

5.9 

1.7 

28 

K-feldspar 

2.0 

0.64 

32 

Amphibole 

0.42 

0.095 

22 

Illite 

38.9 

7.7 

20 

Montmorillonite 

14.5 

4.8 

33 

Vermiculite 

3.8 

1.1 

28 

Chlorite 

5.2 

1.3 

26 

Kaolinite 

7.0 

2.1 

30 

microns 


Figure  8 


Mineral  size-distributions  of 
river  sediments.  M,  montmorll- 
lonite;  I,  illite;  K,  kaolinite 
C,  chlorite;  V,  vermiculite;  Q, 
quartz;  P,  plagioclase;  0,  K- 
feldspar;  MD,  mean  diameter. 
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Figure  9 


Mineral-size  histograms  of  river 
sediments.  M,  montmorillonite ; 

I,  illite;  K,  kaolinite;  C, 
chlorite;  V,  vermiculite;  Q, 
quartz;  P,  plagioclase;  0,  K- 
feldspar;  A,  amphlbole.  Minerals 
are  arranged  in  order  listed. 
Sand,  62-2000 /U;  silt,  2-62/u; 
clay,  less  than  2/\x. 
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SAND  SILT  clay  sand  silt  clay  sand  silt  clay  sand  silt  clay  sand  silt  clay  sand  silt  clay 

SANTA  YNEZ  RIVER  VENTURA  RIVER  VENTURA  RIVER  SANTA  CLARA  RIVER  SAN  ONOFRE  WASH  SANTA  MARGARITA 

suspended  suspended  suspended  RIVER 
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is  supplied  directly  from  the  mainland  shelf,  and  Tanner 
Basin  receives  turbidite  sands  from  Santa  Rosa-Cortes 
Ridge.  The  coarse  mode  seems  to  be  the  result  of  winnow¬ 
ing  of  sediments  by  local  short-term  bottom  currents. 
Measurements  of  such  currents  on  the  La  Jolla  Submarine 
Pan  near  San  Diego  (Shepard,  Dill,  and  von  Rad,  1969)  has 
shown  that  velocities  of  5  to  30  cm/sec  are  frequent  and 
almost  continuous  in  the  lower  range.  For  particlo  sizes 
between  31  and  62/u,  current  velocity-particle  size 
relations  (Hjulstrom,  1939}  are  such  that  erosion  will 
occur  at  velocities  over  about  30  cm/sec,  and  deposition 
takes  place  at  velocities  under  about  0.3  cm/sec.  The 
measured  current  velocities  thus  fall  well  within  the 
upper  velocity  range  required  for  transportation  of  this 
mode.  They  are  high  enough  to  keep  the  coarse  silt  sus¬ 
pended  much  of  the  time,  but  only  occasionally  great 
enough  to  erode  it.  This  size  range  is  also  close  to  the 
eroslonal  velocity  minimum  (Hjulstrom,  1939)*  Together 
with  the  current  velocities,  this  fact  explains  the 
presence  of  a  distinct  mode.  Smaller  particles  require 
increasingly  higher  eroslonal  velocities  and  these  occur 
only  infrequently.  Hence  coarse  silt  has  greatest  mobil¬ 
ity  under  these  conditions. 

The  dominant  mode  in  the  basin  sediments  is  in  the 
fine-  to  medium-silt  range.  Here  the  importance  of 
mineraloglc  control  on  the  size  distribution  must  be  con- 
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sidered.  As  expected,  quartz  and  feldspar  dominate  in  the 
coarse  silt  range,  and  montmorillonite  and  llllte  in  the 
clay  sizes.  The  dominant  fine-silt  mode,  however,  owes 
its  presence  to  a  rapid  increase  over  the  coarse  mode  in 
illite  and  expandable  montmor illonite-mixed  layer  (?) 
minerals.  Quartz,  feldspar,  and  other  clay  minerals  do 
not  increase  correspondingly  in  thin  range,  which  would  be 
expected  if  the  dominant  mode  were  entirely  controlled  by 
sedimentologic  processes.  Thus,  although  a  portion  of  the 
fine-silt  mode  is  undoubtedly  deposited  as  discrete 
particles,  and  therefore  by  current-dominated  processes, 
its  dominance  in  the  basin  sediments  is  controlled  by 
mineral  composition.  The  medium-  to  fine-silt  mode  Is 
also  present  in  the  river  sediments  (Pig.  8);  here  it  is 
again  caused  mainly  by  an  increase  in  illite. 

Presentation  of  the  size  distributions  on  Figures 
7  and  8  has  been  terminated  at  0.032/u  because  only  a 
relatively  small  part  o_  the  clay  fraction  occurs  below 
0.02 yu  (Jackson.-  1956).  A  0.032^  cutoff  then  should 
produce  relatively  little  distortion  in  the  size  distribu¬ 
tion,  and  most  of  the  basin  sediments  indeed  show  a  smooth 
decrease  to  0.032/u.  When  attempting  to  interpret  the 
less  than  0.25/J  portion  of  these  size  distributions,  the 
cleaning  procedures,  particularly  the  acid  leaching,  must 

be  recalled.  Solution  of  very  fine  particles  may  quanti¬ 
tatively  decrease  the  fine-clay  fraction,  but  breakdown  of 
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large  particles  may  Increase  it.  It  Is  difficult  to  test 
for  these  effects.  Comparison  with  unleached  basin  sedi¬ 


ments  (Emery,  i960)  shows  no  significant  differences  be¬ 
tween  leached  and  unleached  sediments,  but  this  comparison 
is  made  almost  meaningless  by  abundant  calcium  carbonate  in 
the  unleached  sediments. 

The  clay  and  fine  silt  portions  of  the  size  distri¬ 
butions  are  probably  not  indicative  of  sedimentation 
processes,  but  represent  the  size  distribution  of  minerals 
in  this  range.  Sedimentation  of  clay-size  particles  is 
slow  enough  that  bottom  currents  keep  them  in  suspension 
indefinitely;  therefore,  some  process  like  flocculation  or 
coagulation  by  organic  agencies  must  be  called  upon  to 
promote  deposition.  In  this  regard,  it  is  interesting  to 
note  that  the  importance  of  organisms  in  marine  sedimenta¬ 
tion  processes  has  been  generally  ignored  (R.  H.  Meade, 
oral  communication).  Considering  the  high  content  of 
organic  matter  and  the  frequency  with  which  fecal  pellets 
are  observed  in  these  sediments,  it  is  likely  that  the  fine 
fraction  becomes  coagulated  with  organic  matter  by  pro¬ 
cesses  such  as  passing  through  the  gut  of  organisms. 

Organic  coagulation  would  seem  to  be  a  particularly  at¬ 
tractive  process  whereby  suspended  sediment  could  be 
transferred  from  the  turbid  bottom  layer  and  "fixed"  to  the 


bottom. 
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Less  Than  62  Micron  Minerals 
General  Aspects 

Inasmuch  as  carbonate-free  basin  sediments  contain 
only  1  or  2  percent  material  coarser  than  62/u,  the  bulk 
mineralogy  of  the  less  than  62 yu  fraction  represents  essen 
tially  the  total  mineral  fraction  of  these  sediments.  The 
river  sediments  analysed  contain  an  appreciable  fraction 
greater  than  62yu;  here  the  less  than  62/i  mineralogy  is 
fractional  and  influenced  by  the  sand  modes. 

Average  percents  of  less  than  62^  minerals  for 
basins  and  rivers  are  listed  on  Table  5.  Illlte,  mont- 
morillonite,  and  quartz  are  most  abundant  and  make  up  70 
percent  of  the  sediments;  kaolinite,  plagloclase,  and 
chlorite  make  up  another  20  percent;  and  vermlcullte,  K- 
feldspar,  and  amphlbole  are  in  the  remaining  10  percent. 

A  glance  at  Table  5  reveals  an  Important  aspect  of 
basin  sediments  in  the  California  Continental  Borderland, 
namely  a  striking  mlneralogic  similarity.  Coefficients  of 
variation  (Table  4)  for  the  basin  sediments  support  this 
observation;  the  average  coefficient  of  variation  i:  only 
22  percent.  The  river  sediments  are  considerably  more 

varied,  and  have  a  coefficient  of  variation  of  50  percent. 
A  txght  clustering  of  basin  sediments  also  can  be  seen  on 
a  total  mineralogy  ternary  diagram  (fig.  10).  Here  it  is 
evident  that  the  river  sediments  are  considerably  more 
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Figure  10.  I.ess  than  62  u  mineral  composi¬ 
tion  diagrams  of  average  baain 

and  river  sediments.  SYs,  Santa 
Ynez  River,  suspended  load;  G, 
Gaviota  Canyon;  V,  Ventura  River; 
Vs,  Ventura  River,  suspended  load; 
SCs ,  Santa  Clara  River,  suspended 
load;  SG,  San  Gabriel  River;  SA, 
Santa  Ana  River;  SO,  San  Onofre 
Creek;  SM,  Santa  Margarita  River. 
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scattered  and  also  that  they  are  richer  in  illite  than 
basin  sediments.  The  similarity  among  basin  sediments 
suggests  that  considerable  mixing  of  source  material  occurs 
during  transport  over  the  borderland. 

Hon-Clay  Minerals 

Quartz  and  feldspar  comprise  the  bulk  of  the  non¬ 
clay  silicates  in  the  less  than  62/a  fraction.  Amphlbole 

is  present  only  in  very  small  quantities  or  absent  (Table 
5) ;  it  is  highly  variable  and  serves  well  as  a  source 
indicator. 

Quartz-feldspar  ratios  for  basin  sediments  range 
from  2.8  to  3.9  with  an  average  of  3.0,  and  river  sedi¬ 
ments  range  from  1.4  to  4.1  with  an  average  of  2.2.  These 
figures  correspond  to  25  and  31  percent  feldspar  in  the 
non-clay  fractions  for  basins  and  rivers,  respectively. 

The  greater  spread  and  higher  feldspar  content  in  the 
river  sediments  is  displayed  on  a  quartz-plagioclase- 
orthoclase  ternary  diagram  (fig.  10). 

A  ready  petrologic  Interpretation  of  the  ratios  is 
not  possible  because  these  sediments  are  clayey  silts  and 
would  be  classified  petrologically  as  argillaceous  silt- 
stone,  mudstone,  or  shale.  Because  little  work  has  been 
performed  and  no  compositional  classification  is  in  use  for 
fine-grained  rocks  (with  the  possible  exception  of  clay 
mineralogy),  it  becomes  necessary  to  interpret  the  quartz- 
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feldspar  ratios  in  terms  of  sandstone  classifications.  By- 
Gilbert’s  classification  (Williams,  Turner,  and  Gilbert, 
1954)  the  sediments  border  between  an  arkosic  and  a  feld- 
spathic  wacke;  according  to  Petti  John’s  classification 
(1954)  they  would  be  on  the  border  of  feldspathic  gray- 
wackes  (less  than  25  percent  quartz).  Because  of  the  pre¬ 
dominant  silt  size  of  the  sediments,  however,  arkosic  or 
feldspathic  mudstone  is  a  more  appropriate  name. 

The  apparently  high  feldspar  content  of  basin  and 
river  sediments  is  not  surprising;  it  has  been  long  known 
(Reed,  1928)  that  feldspar  in  Mesozoic  and  Tertiary  Calif¬ 
ornia  sandstones  averages  50  percent.  Even  beach  sands  on 
the  southern  California  coast  average  4o  percent  feldspar 
(Gorsline,  1968).  The  question  then  is  not  why  the  high 
proportion  of  feldspar,  but  rather  why  it  is  not  higher. 
Although  the  significance  of  feldspar  in  arenaceous  rocks 
has  been  extensively  investigated,  its  importance  in 
argillaceous  sediments  is  not  as  well  known.  Early  esti¬ 
mates  of  mineral  composition  of  average  shales,  calculated 
from  chemical  analyses  (Leith  and  Mead,  1915;  Clarke, 

1924) ,  give  high  values  of  feldspar  and  low  values  of  clay 
minerals  (Table  6).  These  often-quoted  estimates  have  been 
shown  to  be  somewhat  erroneous  by  Shaw  and  Weaver  (1965), 
who  calculated  the  mineral  composition  for  average  shales 
directly  from  quantitative  x-ray  diffraction  analyses. 

Basin  and  river  sediments  examined  in  this  study  have 
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feldspar  and  clay  mineral  percents  similar  to  Shaw  and 
Weaver's  average  shale  (Table  6).  Somewhat  higher 
feldspar  and  lower  quartz  percents  are  doubtless  a  reflec¬ 
tion  of  the  feldspathic  nature  of  California  sediments. 

Plagioclase-K-feldspar  ratios  are  more  uniform  than 
quartz-feldspar  ratios;  they  are  about  3.5*  and  show 
relatively  little  variation  (fig.  10).  Figure  10  also 
reveals  that  the  plagloclase-K-feldspar  ratio  is 
Independent  of  quartz;  therefore*  plagloclase  and  K- 
feldspar  appear  to  behave  similarly  in  the  less  than  2/u 
fractions  of  these  sediments.  Studies  on  river  sands  by 
Gorsllne  (1968)  have  shown  that  the  southern  California 
sands  are  distinctly  blmodal  in  their  plagioclase-K- 
feldspar  ratios*  with  a  large  mode  at  1.0  ani  a  smaller 
mode  at  16.  This  division  is  not  evident  in  the  less  than 
62/u  fraction  of  river  sediments  in  this  study.  One  ex¬ 
planation  is  that  plagloclase-K-feldspar  ratios  converge 
in  the  smaller  size  fractions;  another  is  that  the  x-ray 
technique  employed  in  this  study  has  a  determinate  error 
which  significantly  raises  the  value  determined  for  very 
small  amounts  of  K-feldspar. 

Clay  Minerals 

The  less  than  62/u  clay  mineral  fraction,  or  es¬ 
sentially  the  total-sediment  clay  mineralogy,  is  pre¬ 
dominantly  llllte-montmorillonlte  (Table  5,  fig.  11),  with 


Figure  11.  Less  than  62 /U  and  less  than  2 /a 
clay  mineral  composition  diagrams 
for  average  basin  and  river  sedi¬ 
ments.  SMB,  Santa  Monica  Basin; 
SB,  Santa  Barbara  Basin,  green 
mud;  SBg,  Santa  Barbara  Basin, 
gray  layers;  SC,  Santa  Cruz  Basin; 
C,  Santa  Catalina  Basin;  T,  Tanner 
Basin;  CR,  continental  rise.  SYs, 
Santa  Ynez  River,  suspended  load; 
G,  Gaviota  Canyon;  V,  Ventura 
River;  Vs,  Ventura  River,  sus¬ 
pended  load;  SCs,  Santa  Clara 
River,  suspended  load;  SG,  San 
Gabriel  River;  SA,  Santa  Ana 
River;  SO,  San  Onofre  Creek;  SM, 
Santa  Margarita  River. 


78 


80 


minor  amounts  of  kaolinite,  chlorite,  and  vermlculite. 

This  assemblage  is  typical  of  those  developed  in  arid  and 
semiarid  regions.  The  predominance  of  montmorillonite  and 
illite  in  soils  developed  in  these  climatic  regions  has 
been  shown  by  Knox  {Grim,  1968,  p.  515)  and  Winters  and 
Simonsen  (1951). 

Two  anomalies  are  apparent  in  Figure  11.  First, 
although  river  sediments  do  show  more  scatter,  they  are  on 
the  whole  more  illitic  than  the  basin  sediments.  Second, 
chlorite  is  very  low  in  a  number  of  river  sediments,  and 
lower  on  the  average  than  in  the  basin  sediments.  The 
same  pattern  is  displayed  even  better  in  the  less  than  2/u 
fraction,  and  its  implications  will  be  discussed.  The 
less-than  62 yu  clay  mineral  fraction  is  not  d  particularly 
useful  interval  because  it  Includes  both  silt  and  clay 
modes  which  were  affected  by  somewhat  different  transporta¬ 
tions!  and  depositional  processes.  This  problem  does  not 
occur  in  non-clay  minerals  because  the  quantity  of  these 
in  the  less  than  2 /u  fraction  is  negligible.  The  average 
size-fraction  mineralogy  of  basins  and  rivers  is  discussed 
in  the  section  on  geographic  variations. 

Effect  of  Particle  Size  on  Mineral  Distribution 

A  question  which  arises  from  the  discussion  of  the 
mineralogic  trends  above  is:  To  what  degree  does  a  shift 
in  size  distribution  affect  the  mineral  composition  in  a 


given  fraction?  Or,  put  more  generally,  how  dots  mineral 
composition  vary  with  grain  size?  It  Is  obvious  from  the 
work  on  this  subject.  Including  this  study,  that  the  non¬ 
clay  minerals  are  more  abundant  In  the  silt  sizes,  whereas 
the  clay  minerals  predominate  In  the  clay  sizes.  Size 
ranges  of  clay  particles  are  well-known,  and  can  be  rather 
extensive  (Grim,  1968).  Among  studies  In  which  minerals 
were  quantitatively  determined  In  size  fractions  (Mlelenz 
and  King,  1955;  Gibbs,  1967b;  Windom,  1969)  Including  the 
present  one,  there  is  considerable  variety  In  size  distri¬ 
butions  of  Individual  minerals,  both  clay  and  non-clay. 
Source,  weathering,  and  deposltlonal  process  all  influence 
these  distributions,  and  for  this  reason  no  general 
relations  for  Individual  mineral  distributions  can  be 
devised.  However,  even  If  mineral  size-distributions  are 
consistent  for  a  given  group  of  sedimentB,  as  they  appear 
to  be  In  this  case  (fig.  7),  variations  In  the  grain  size 
distribution  will  affect  the  mineral  composition  of  any 
given  fraction  because  analysis  requires  a  finite  and 
often  large  size  fraction.  This  size  effect  Is  generally 
ignored  or  only  Indirectly  considered  In  many  studies  In 
which  one  or  two  size  fractions  of  a  sediment  are  analysed. 

To  investigate  the  grain-size  effect  in  the  basin 
sediments,  average  ratios  and  ratio  percents  of  all  basin 
samples  were  plotted  for  each  mineral  in  the  five  fractions 
analysed  (fig.  12).  All  minerals  have  essentially  the  same 


Figure  12.  Variation  of  minerals  with  particle 
size,  basin  sediments,  California 
Continental  Borderland.  Q,  quartz; 
F,  plagloclase;  0,  K-feldspar;  A, 
amphlbole;  I,  llllte;  M,  montmorll- 
lonlte;  K,  kaollnlte;  C,  chlorite; 
V,  vermiculite. 
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mineral  size-distributions;  therefore,  an  average  of  all 
samples  was  used. 

The  proportions  of  clay  minerals  (fig.  12)  are 
relatively  constant  between  0.5  and  8yu;  below  0.5/u,  all 
decrease  rapidly  except  montmorillonite,  which  Increases. 
Above  8^u,  only  vermiculite  increases;  possibly  this  nonroe 
vermlcullte  is  altered  biotite.  The  persistence  of  mont¬ 
morillonite  into  the  medium  silts,  and  its  absence  in  the 
coarse  silt  fraction,  could  be  related  either  to  a  limit 
on  montmorillonite  aggregates  or  to  a  size  limit  on  ex¬ 
pandable  illitic-montmorillonitic  clays.  The  behavior  of 
the  clay  ratios  in  sizes  over  2 is  more  erratic  than 
below  2/u.  For  this  reason,  clay  minerals  of  the  coarse 
to  medium  silt  fractions,  and  of  the  less  than  62/u 
fraction,  may  be  difficult  to  interpret  and  may  obscure 
characteristics  in  the  more  distinctive  less  than  2  u 
fraction. 

The  non-clay  minerals  decrease  steadily  with  grain 
size  and  are  difficult  to  detect  in  sizes  unaer  O.5/1 
(fig.  7).  Quar tz-plagioclase  and  quar tz-K-feldspar  ratios 
Increase  considerably  with  smaller  particle  sizes,  indicat¬ 
ing  that  the  feldspars  are  less  persistent  into  these 
sizes.  This  relationship  explains  the  quartz-feldspar 
problem  discussed  above,  and  indicates  that  finer  sediments 
will  have  higher  quartz-feldspar  ratios.  Thus  the  basin 
sediments  have  higher  quartz-feldspar  ratios  than  the 
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coarser  river  sediments,  and  all  of  the  lees  than  62  u 
fraction  quartz-feldspar  ratios  will  be  higher  than  those 
of  beach  and  river  sands. 

Plagloclase  and  K-feldspar  have  essentially  the 
same  trend  with  size  except  in  the  0.25  to  1/u  fraction, 
where  K-feldspar  increases.  The  Increase  is  probably 
caused  by  a  determinate  error  in  the  x-ray  technique  that 
becomes  evident  at  very  low  concentrations.  The  quartz- 
amphibole  ratio  is  almost  constant,  with  a  slight  Increase 
of  amphlbole  In  the  finer  sizes. 

Causes  for  the  variation  of  quartz,  feldspar,  and 
amphlbole  with  grain  size  must  be  related  to  the  size  of 
the  source  material,  degree  of  weathering,  and  to  the 
minerals'  resistance  to  corrosion  and  abrasion.  Abrasion 
in  the  silt  and  clay  sizes  is  insignificant  (Petti John, 
1957);  therefore,  the  more  rapid  decrease  of  feldspar  is 
probably  caused  by  corrosion  at  the  source  or  in  transport. 
The  persistence  of  relatively  unstable  amphlbole  may  be 
related  to  abundant  fine-grained  amphlbole  in  the  source 
rock. 


Less  Than  2  Micron  Minerals 
General  Aspects 


The  less  than  2/u  fraction  makes  up  from  30  percent 
to  over  50  percent  of  the  basin  sediments;  therefore,  any 
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parameters  determined  for  this  fraction  applies  to  the 
finer-grained  half  of  the  basin  sediments.  Conveniently, 
the  bulk  minerals  of  this  fraction  are  all  clay  minerals, 
and  the  quantity  of  non-clay  minerals  is  negligible  (figs. 
7,  8,  9)«  Therefore,  a  semiquantitative  x-ray  clay  mineral 
analysis  will  give  a  close  approximation  of  the  total 
mineralogy  of  this  fraction,  and  only  the  x-x’uy-nmorphniiR 
material  then  remains  an  undetermined  component.  Large 
variation  in  x-ray -amorphous  matorial  could  influence  the 
pattern  of  clay  mineral  distribution.  If  it  is  assumed 
that  there  are  no  large  variations  in  this  component,  the 
clay  mineral  distribution  will  not  be  affected. 

Average  less-than  2/u  clay  mineral  percents  sure 
listed  in  Table  7.  Unlike  the  total  Bedlment  (Table  5), 
where  llllte  predominates,  montmorlllonlte  is  the  most 

abundant  constituent  in  this  fraction  of  the  basin  sedi¬ 
ments.  As  in  the  total  sediment,  kaollnlte,  chlorite,  and 
vermlcullte  are  present  in  decreasing  abundance.  In  the 
river  sediments,  llllte  remains  the  most  abundant,  and  the 
order  of  abundance  is  the  same  as  in  the  total  sediment 
(Table  5). 

The  close  similarity  of  composition  is  again  dis¬ 
played  in  the  less  than  2 /a  fractions  of  the  basin  sedi¬ 
ments,  with  an  average  coefficient  of  variation  of  16  per¬ 
cent,  and  a  range  from  3  to  29  percent.  River  sediments 
arc  considerably  more  varied,  and  have  coefficients  of 
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.Table  7.  Average  less  than  2  micron  clay  mineral  ratio  percents  (continued) 
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variation  of  20  to  65  percent,  with  an  average  of  43  per¬ 
cent.  The  differences  in  scatter  between  basin  and  river 
sediments  can  be  seen  in  Figure  11. 

Clay  Minerals 

Ternary  diagrams  in  Figure  11  and  Table  7  illus¬ 
trate  the  relations  of  the  Important  lees-than  2/u  clay 
mineral  groups.  These  diagrams  show  a  similar  distribu¬ 
tion  as  the  clay  minerals  of  the  less-than  62/u  fraction, 
but  more  clearly.  Kaollnite  and  vermlcullte  contents  of 
basin  and  river  sediments  are  similar;  however,  1111 te  1b 
on  the  whole  significantly  more  abundant  in  river  sedi¬ 
ments,  whereas  the  basin  sediments  are  higher  in  mont- 
morlllonlte;  and  chlorite  1b  also  more  abundant  in  the 
basin  sediments.  Three  mechanisms  could  be  Invoked  to 
explain  this  distribution  and  will  be  examined  below. 

These  are  differential  settling,  diagenesis,  and  sources 
other  than  rivers  which  have  been  studied. 

If  differential  flocculation  is  used  as  an  explana¬ 
tion,  it  must  in  this  case  be  applied  to  the  river-ocean 
boundary  area,  since  the  problem  above  5s  not  one  of  a 
gradient  over  the  borderland,  but  a  difference  in  sediment 
Bultes.  Differential  flocculation  in  brackish  waters  has 
been  experimentally  demonstrated  (Whltehouse,  Jeffrey,  and 
Debbrecht,  I960)  and  observed  in  nature  (Van  Andel  and 
Postma,  1954)*  These  studies  show  that  llltte  will  floc- 
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culate  and  settle  faster  at  low  chlorinity  than  montmoril- 
lonite.  Illlte  night  thus  be  preferentially  removed  at  the 

river  mouths,  whereas  montmorillonite  would  be  bypassed  to 
the  borderland.  It  Is  readily  evident  that  this  situation 
is  unstable,  and  eventually  illlte  would  be  flushed  out  of 
the  river  mouths  and  onto  the  borderland  by  a  flood.  The 
net  effect  would  then  be  the  same  as  if  no  brackish -water 
flocculation  had  occurred.  As  an  alternative  to  this  con¬ 
clusion.  one  might  assume  that  the  flocculated  illlte  is 
transported  with  the  fine  sand-coarse  silt  fraction.  One 
would  then  expect  higher  illlte  concentrations  on  the  shelf 
and  possibly  in  turbldite  sands.  The  fine  fractions  of 
coarse  sediments  were  not  investigated  in  this  study;  how¬ 
ever,  the  current  velocities  required  for  sand  transport 
are  probably  great  enough  to  disperse  any  floccules  and 
winnow  out  the  finer  illlte. 

Another  problem  raised  by  differential  settling  is 
that  with  this  process,  the  other  clay  minerals  should 
behave  similarly  to  illlte  since  their  settling  velocities 
are  much  closer  to  illlte  than  montmorillonite  (V/hitehouse, 
Jeffrey,  and  Debbrecht,  i960),  and  this  is  not  the  case. 

Diagenesis  must  be  considered  as  a  possible  cause 
of  chlorite  enrichment  in  basin  sediments.  Preferential 
adsorption  of  Mg*+  onto  clay  minerals  has  been  experi¬ 
mentally  demonstrated  (Whltehouse  and  McCarter,  1958; 
Carroll  and  Starkey,  i960)  and  observed  in  nature  (Powers, 
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1957»  1959).  In  most  cases,  diagenetic  changes  appear  to 
be  minor,  and  consist  of  reconstitution  of  degraded 
illite,  chlorite  or  vermicullte,  and  of  formation  of  some 
mixed-layering.  True  authigenic  chlorite  has  been  ob¬ 
served  forming  from  gibbsite  near  Hawaii  (Swindale  and 
Pan,  1967;  Moberly,  Kimura,  and  McCoy,  1968).  Tidelands 
soils  in  the  San  Francisco  Bay  area,  which  have  been  drain¬ 
ed  for  60  years  show  chlorite  destruction,  which  seems  to 
indicate  authigenic  chlorite  of  marine  origin  (Lynn  and 
Whittig,  1966). 

The  apparent  dilution  of  illite  and  enrichment  of 
montmorlllonite,  on  the  other  hand,  is  contradictory  to 
the  diagenetic  behavior  of  these  minerals  in  sea  water. 

The  abundance  of  illite  in  the  oceans  is  well  known, 
particularly  in  the  North  Atlantic  and  North  Pacific 
(Biscaye,  1965;  Griffin,  Windom,  and  Goldberg,  1968). 
Illite  has  been  believed  to  be  diagenetic  in  origin,  as  an 
alteration  from  tiontmorillonite  (Milne  and  Early,  1958; 
Johns  and  Grim,  1958);  and  the  reconstitution  of  illite  by 
potassium  uptake  from  sea  water,  has  also  been  considered 
an  important  process  (Grim,  Dietz,  and  Bradley,  1949; 
Whitehouse  and  McCarter,  1958;  Weaver,  1967).  However, 
potassium-argon  ages  of  marine  illites  are  on  the  order  of 
several  hundred  million  years  (Hurley  and  others,  1965; 
Krylov  and  Tedrow,  1963);  therefore,  authigenic  and  re¬ 
constituted  illites  must  comprise  only  a  small  part,  if 


92 


any,  of  the  illite  in  the  oceans.  The  distribution  of 
illite  in  the  oceans  also  suggests  detrital  sources  rather 
than  diagenesis.  Thus,  even  though  illite  may  not  be  form¬ 
ing  in  the  oceans  today,  it  appears  to  be  stable  in  sea 
water  by  observation;  and  it  is  also  stable  by  thermo¬ 
dynamic  considerations  (Garrels  and  ChrlBt,  1965).  For 
these  reasons,  dlagenesis  cannot  be  invoked  to  explain  en¬ 
richment  of  illite  in  the  basin  sediments. 

Montmorillonite,  on  the  other  hand,  has  been  shown 
to  be  forming  in  the  ocean  (Griffin  and  Goldberg,  1963; 
Peterson  and  Griffin,  1964;  Moberly,  Kimura,  and  McCoy, 
1968),  but  is  always  related  to  areas  of  oceanic  volcanism 
and  low  terrigenous  sedimentation.  In  the  case  of  the 
California  Continental  Borderland,  it  is  doubtful  if 
enough  unaltered  volcanic  material  reaches  the  basins  to 
account  for  the  montmorillonite  enrichment  by  diagenesis. 

Another  approach  to  the  problem  of  chlorite  enrich¬ 
ment  and  illite  dilution  in  basin  sediments  is  to  examine 
more  carefully  the  sources  studied  and  to  consider  other 
sources  beyond  the  borderland  perimeter.  In  the  case  of 
the  lllite-montmorlllonite  problem,  it  is  worth  noting 
that  the  three  rivers  which  have  the  same  proportions  of 
Illite  and  montmorillonite  as  the  basins  are  the  Santa 
Ana,  Santa  Clara,  and  San  Gabriel  Rivers  (fig.  11).  These 
rivers  are  most  centrally  located  with  respect  to  the 
section  of  the  borderland  studied  (fig.  1),  and  have  large 
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drainage  areas  and  discharges  (Table  8).  It  is  therefore 
possible  that  the  mineral  suites  of  these  rivers  dominate 
in  the  basin  sediments  and  thus  at  least  partly  explain 
this  problem. 

Sediment  from  areas  beyond  the  perimeter  of  the 
borderland  could  be  transported  in  by  two  currents.  One 
of  these  is  the  California  Current,  vhich  sweeps  along  the 
North  American  continental  margin  from  Alaska  to  Mexico 
(Emery,  i960).  Most  of  the  California  Current  bypasses 
the  borderland,  but  a  part  of  the  current  enters  in  the 
south  and  sweeps  over  it  in  a  large  counter-clockwise  eddy 
(Emery,  I960);  another  portion  of  the  current  enters 
Santa  Barbara  basin  from  the  west  (R.  L.  Kolpack,  oral 
communication) . 

Clay  mineral  suites  along  the  North  Pacific  coast 
are  largely  llllte-chlorite-montmorillonite .  Off  south¬ 
east  Alaska,  chlorite  and  illite  predominate  (Griffin  and 
Goldberg,  1963);  further  south,  off  Oregon,  chlorite, 
montmorlllonite ,  and  illite  are  most  abundant  (Duncan, 
Kulm,  and  Griggs,  1970).  If  these  clay  suites  are  present 
in  the  borderland,  they  would  be  most  readily  indicated  by 
a  net  increase  in  chlorite.  Illite  and  montmorlllonite 
would  not  be  appreciably  affected  because  they  are  present 
in  large  amounts  on  the  borderland.  In  fact,  montmoril- 
lonlte  might  be  expected  to  dominate  over  illite  in  the 
California  Current  because  of  ^ts  abundance  off  the  coast 
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of  the  northwestern  United  States,  and  because  it  has  a 
lower  settling  velocity  than  illlte  or  chlorite. 

Chlorite  enrichment  by  this  process  can  be  demonstra¬ 
ted  In  Santa  Barbara  Basin.  Here  laminated  green  hemi- 
pelaglc  mud  alternates  with  gray  silt  layers  that  are  al¬ 
most  entirely  local  river  sediments  deposited  during 
storms  (fig.  2)  (see  following  section).  The  average 
chlorite  content  of  the  gray  layers  Is  1.6  percent,  whero- 
as  the  green  mud  contains  3*1  percent  chlorite  on  the 
average,  nearly  twice  as  much  (fig.  13);  but  still  less 
than  the  other  basins.  The  small  quantities  of  chlorite 
In  the  gray  layers  suggests  that  the  chlorite  enrichment 
In  the  basins  Is  not  due  to  diagenesis.  River  sediments 
from  the  perimeter  of  Santa  Barbara  Basin  contain  an 
average  of  1.9  percent  chlorite,  and  It  Is  unlikely  that 
diagenesis  would  affect  only  the  green  mud  and  not  the 
thin  gray  layers.  The  fact  that  even  the  green  mud  con¬ 
tains  less  chlorite  than  the  other  basin  sediments  also 
suggests  enrichment  from  the  California  Current;  sedimenta¬ 
tion  rates  In  the  other  basins  studied  are  lower  than  In 
Santa  Barbara  Basin  (Emery,  i960),  and  a  greater  Cali¬ 
fornia  Current  contribution  would  be  expected. 

The  amount  of  the  California  Current  contribution 
can  be  estimated  from  the  chlorite  content  of  sediments 
derived  from  the  North  Pacific  coaBt.  Off  Oregon,  the 
chlorite  content  of  marine  and  river  sediments  averages 


Figure  13.  Less  than  2/u  clay  mineral  composi¬ 
tion  diagram  of  Santa  Barbara  Basin 
sediments,  showing  chlorite  enrich¬ 
ment  of  green,  laminated  mud  as  com¬ 
pared  to  rapidly  deposited  gray  silt 
layers  of  local  origin. 
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25  percent  (Duncan,  Kulm,  and  Griggs,  1970).  If  the 
California  Current  carries  this  proportion  of  chlorite, 
the  total  sediment  contribution  from  this  source  to 
Santa  Barbara  Basin,  assuming  a  1.5  percent  chlorite  en¬ 
richment,  would  amount  to  7  percent.  A  very  small  portion 
of  the  chlorite  may  be  derived  from  streams  entering  the 
borderland  south  of  Santa  Barbara  Basin;  however,  sedi¬ 
ments  from  these  sources  do  not  contain  enough  chlorite  to 
cause  significant  enrichment  In  Santa  Barbara  Basin. 

Another  supplier  of  clay  minerals  to  the  borderland 
may  be  Southern  water,  which  moves  Into  the  borderland  at 
Intermediate  depths  (Emery,  1954)  •  Although  Information  on 
clay  minerals  off  Mexico  and  Central  America  Is  scant, 
montmorlllonlte  apparently  Increases  along  the  east  equa¬ 
torial  Pacific  margin  (Griffin,  Wlndom,  and  Goldberg, 

1968).  Thus,  any  contribution  from  Southern  water  would 
be  mainly  montmorlllonlte.  The  effects,  if  any,  of  this 
source  cannot  be  delineated,  and  would  be  minor  owing  to 
less  runoff  from  Central  America. 

Expandable  Clays 

Mixed-Layer  Clays 

Ratio  percents  of  expandable  mixed-layer  clays  In 
the  total  less-than  2 /u  clay  mineral  fraction,  as  deter¬ 
mined  by  the  method  of  Schultz  (1964)  average  about  31 
percent;  and  range  from  19  percent  to  45  percent  for  basin 
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and  river  sediments  (Table  7).  As  with  the  other  clay 
minerals,  the  basin  sediments  exhibit  much  less  variation 
than  the  river  sediments.  A  ternary  diagram  of  mixed- 
layer  clays,  montmorillonite,  and  illite  (fig.  14)  shows 
the  enrichment  of  montmorillonite  in  the  basin  sediments, 
but  no  trend  as  regards  the  mixed-layer  clays.  There  is 
no  evidence  that  diagenesis  is  affecting  this  component; 
neither  a  decrease  that  might  result  from  reconstitution 
of  degraded  illite,  nor  an  increase  by  alteration  of  mont¬ 
morillonite  as  proposed  by  Whitehouse  and  McCarter  (1958). 
It  should  be  recalled  here  that  the  clays  were  analysed  In 
a  magnesium-saturated  state;  this  treatment  may  destroy 
superficial  diagenetic  alterations  such  as  Whitehouse  and 
McCarter  found  in  their  experimental  work. 

Potassium-Fixable  and  Beide^iitlc  Clays 

Some  potassium  fixation  of  the  expandable  clays  can 
be  achieved  in  both  basin  and  river  sediments  (Table  7). 

On  the  average,  about  7  percent  of  the  total  less  than  2 /a 
clay  fraction  of  the  river  sediments,  and  A  percent  of  the 
basin  sediments  can  be  made  to  contract  irreversibly  by 
this  method.  The  exact  quantity  of  fixation  depends  to  a 
degree  on  the  treatment,  but  the  relative  proportions  give 
a  clue  to  the  effectiveness  of  this  process.  The  degree  of 
potassium-fixing  in  the  basin  sediments  is  fairly  uniform; 
but  the  rivers  show  appreciable  variation,  from  zero  to  18 


Figure  14.  Less  than  2/u  clay  mineral  composi¬ 
tion  diagrams  of  expandable  clays 
for  average  basin  and  river  sedi¬ 
ments.  SMB,  Santa  Monica  Basin; 

SB,  Santa  Barbara  Basin,  green  mud; 
SBg,  Santa  Barbara  Basin,  gray 
layers;  3C,  Santa  Cruz  3asin;  C, 
Santa  Catalina  Basin;  T,  Tanner 
Basin;  CR,  continental  rise. 

SYs,  Santa  Ynez  River,  suspended 
load;  G,  Gaviota  Canyon;  V,  Ventura 
River;  Vs,  Ventura  River,  suspended 
load;  SCs,  Santa  Clara  River,  sus¬ 
pended  load;  SG,  San  Gabriel  River; 
SA,  Santa  Ana  River;  SO,  San  Onofre 
Creek;  SM,  Santa  Margarita  River. 
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percent.  Prom  these  figures,  it  appears  that  some 
potassium-fixation,  presumably  reconstitution  of  degraded 
illite,  occurs  when  the  sediment  enters  the  ocean,  probably 
rather  quickly  (Weaver,  1956).  Quantitatively,  this  pro¬ 
cess  appears  to  be  minor,  and  would  result  in  a  net  in¬ 
crease  of  illite  under  10  percent.  This  result  is  in 
agreement  with  the  idea  that  diagenetlc  illite  is  relative¬ 
ly  unimportant  in  recent  marine  sediments  (Griffin,  Windom, 
and  Goldberg,  1968). 

About  one-third  of  the  total  less-than  2 /u  clay- 
mineral  fraction  consists  of  "beidellitic"  montmorlllonite 
(beidelite,  nontronite,  saponite,  and  related  minerals)  as 
determined  by  llthlum-gycerol  treatment  (Green-Kelly, 

1953).  Basin  and  river  sediments  contain  equal  amounts  of 
this  material  with  equal  degrees  of  variability  (Table  7). 
Although  the  results  must  be  considered  tentative  because 
of  the  large  errors  in  the  technique,  they  suggest  that  the 
beidellitic  montmorlllonite  is  inherited  and  unaffected  by 
diagenesis. 

A  ternary  diagram  of  potassium-fixable  clay, 
beidellitic  clay,  and  montmorlllonite  (fig.  14)  indicates 
that  the  degree  of  potassium  fixing  poses  a  limit  on  the 
proportion  of  beldellite.  Since  the  determinations  of 
potassium  fixing  and  beldellite  are  not  necessarily  mutual¬ 
ly  exclusive,  this  relation  suggests  that  a  part  of  the 
potassium-fixable  clay  is  ’'beldellite."  Beldellite  and  the 
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trloctahedral  montmorillonites  carry  most  of  their  charge 
deficiency  in  the  tetrahedral  layer,  as  does  illite; 
therefore  potassium  fixing  would  be  easier  to  accomplish 
with  these  clays  than  with  true  montmorillonite,  which 
carries  its  charge  deficiency  in  the  octahedral  layer.  It 
is  likely  that  some  of  the  beidellite-like  material  is 
degraded  biotite,  as  this  material  would  also  have 
potassium-fixing  properties. 

By  plotting  mixed-layer  clay,  potassium-fixable 
clay,  and  beidellitic  clay,  phases  which  again  are  not 
mutually  exclusive,  essentially  the  same  distribution  is 
obtained  as  when  montmorillonite  is  included.  This  sug¬ 
gests  that  the  expandable  mixed-layer  clays  are  found  with 
no  preference  among  all  expandable  components. 

Geographic  IH  stribution  of  Minerals 
Rivers 


Drainage 

The  mainland  drainage  areas  on  the  perimeter  of  the 
borderland  are  by  far  the  most  important  suppliers  of 
sediments  to  the  basins.  Island  sources  and  the  California 
Current  contribution  are  detectable,  but  quantitatively  are 
minor.  Similarly,  wind- transported  sediment  from  the 
Mojave  and  Colorado  Deserts  comprises  a  minor  contribution, 
but  is  difficult  to  resolve  because  of  its  similarity  to 


other  sediment. 

The  total  Pacific  drainage  area  facing  the  border- 

p 

land  (fig.  15)  is  about  34,000  1cm  ;  with  a  total  discharge 
of  185*000  hectare-meters  (Gorsline,  1968).  Discharges  of 
the  major  drainage  basins  have  been  measured  for  the  last 
20  to  30  years,  but  are  almost  useless  in  comparing  drain¬ 
age  basins  because  approximately  one-half  of  the  drainage 
area  in  southern  California  is  controlled  by  dams,  spread¬ 
ing  basins,  and  irrigation  diversion  (Norris,  1964). 
Comparative  estimates  of  sediment  discharges  are  therefore 
better  reflected  by  drainage  areas  rather  than  by  present- 
day  discharges  (Table  8). 

Estimates  of  total  sediment  discharge  for  southern 
California  (Point  Conception  to  the  Mexican  border)  are 
5  million  tons  by  Emery  (I960)  who  used  depositional  rates 
in  the  borderland;  and  10  million  tons  by  Handin  (1951), 
who  worked  with  silting  rates  of  reservoirs.  Total  sus¬ 
pended-sediment  discharge  has  been  estimated  at  3.5 
million  tons  by  Rodolfo  (1964)  on  the  basis  of  Los  Angeles, 
San  Gabriel,  and  Santa  Ana  River  runoffs.  Of  this  figure, 
2.7  million  tons  were  estimated  to  consist  of  silt,  clay 
colloids,  and  dissolved  matter. 

Four  rivers,  the  Santa  Ana,  Santa  Clara,  Los 
Angeles,  and  San  Gabriel  Rivers  drain  over  one-half  of  the 
area  facing  the  northern  borderland.  To  the  South,  the 
Tia  J-ana,  Santa  Margarita,  and  San  Luis  Rey  Rivers  are  the 


Figure  15.  Coastal  drainage  area,  southern 

California.  Stippling  Indicates 
drainage  areas  of  rivers  sampled. 
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major  suppliers.  To  the  north,  the  Santa  Ynez  River,  Just 
north  of  Point  Conception,  probably  has  an  appreciable 
quantity  of  its  suspended  load  carried  into  the  border¬ 
land  by  the  California  Current. 

Lithology 

The  Pacific  drainage  of  southern  California  is  in 
parts  of  the  Transverse  and  Penninsular  Range  provinces. 
Their  complex  structural  relations  and  heterogeneous 
lithologies  have  been  summarized  by  Bailey  and  Jahns 
(1954)  and  Jahns  (1954). 

The  western  Transverse  Range"  are  an  east-west 

trending  anticlinal  structure  that  extends  eastward  from 
Point  Arguello  to  Castalc,  a  distance  of  100  miles.  The 
Santa  Tnez  Mountains  make  up  the  narrow  western  part  of 
the  structure  and  parallels  the  coast  for  80  miles.  The 
Topatopa  and  Plru  Mountains  continue  inland,  and  comprise 
the  wider  eastern  portion  of  this  structure.  These  three 

I 

ranges  contain  almost  exclusively  Cretaceous  to  Quaternary 
l  clastic  sediments;  mainly  continental  and  marine  sand- 

stones,  mudstones,  and  shales  of  early  to  middle  Tertiary 
age.  In  the  northeastern  part  of  these  mountains,  Meso¬ 
zoic  granitic  rocks  and  older  schists  and  gneisses  are 
exposed.  A  few  small  outcrops  of  Franciscan  serpentines 
are  located  in  the  wes‘  -rn  part,  and  Miocene  basaltic  and 
andesitic  volcanlcs  are  scattered  sparsely  throughout  the 


J 
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ranges. 

The  Santa  Monica  Mountains,  and  their  westward  ex¬ 
tension,  the  Channel  Islands,  are  an  anticlinal  structure 
stellar,  ani  parallel  to  the  Santa  Yr.ez-Topatopa  Mountains. 
Early  and  middle  Tertiary  sediments  and  basaltic  volcanlcs 
make  up  the  western  part  of  the  Santa  Monica  Mountains; 
slate  and  granitic  rocks  are  exposed  in  the  eastern  part. 

The  eastern  Transverse  Ranges  consist  of  the  Libre 
Mountains,  the  Sierra  Pelona,  and  the  extensively  faulted 
horsts  of  the  San  Gabriel  and  Son  Bernardino  Mountains. 
These  Ranees  are  composed  of  a  large  variety  of  crystal¬ 
line  rocks;  schists,  gneisses,  and  granitic  Igneous  rocks. 

A  gabbroic  complex  composed  of  anorthosite  and  other  bnslc 
rocks  is  located  in  the  western  part  of  the  San  Gabriel 
Mountains.  Metamorphosed  Paleozoic  sediments.  Including 
marble,  occur  in  the  San  Bernardino  Mountains. 

The  southern  California  oortion  of  the  Peninsular 
Range  Province  includes  a  group  of  southeast-northwest 
trending  ranges  that,  taken  together,  present  a  rough, 
asymmetric  cross-sectional  profile  with  a  gentle  western 
3lope.  The  Tan  Jacinto-Canta  Rosa  Mountains  form  the  hl^h, 
fault-bounded  eastern  ridge  of  the  province;  and  extending 
southward,  the  Santa  Ar.a,  Agua  Tibia,  and  Laguna  Mountains 
form  the  soff.ewr.it  lower  central  and  western  cart  of  the 
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gabbrolc  to  granitic  rocks,  primarily  tonalltes  and 
granodiorites,  of  the  Mesozoic  California  Basthclith.  A 
variety  of  metamorphlc  rocks,  older  than  the  bathollth, 
are  widespread  but  subordinate  in  quantity.  Upper 
Cretaceous  to  Quaternary  marine  and  continental  clastic 
sediments  are  exposed  in  the  Santa  Ana  Mountains  on  the 
coastal  terraces  in  the  vicinity  of  Oceanside  and  San 
Diego. 

Mineralogy  of  River  Sediments 

Mineralogy  of  silts  and  clayB  from  eight  rivers 
draining  into  the  continental  borderland  was  determined  in 
this  study.  Drainage  areas,  discharges,  and  locations  are 
shown  in  Figure  15  and  Table  8.  A  representative  sampling 
of  drainage  areas  was  obtained,  and  all  major  rivers  ex¬ 
cept  the  Los  Angeles  River  were  sampled.  Sediments  of  the 
Santa  Ynez  River,  Gavlota  Creek,  and  Ventura  River  are 
derived  mainly  from  the  sedimentary  rocks  of  the  Santa 
Ynez  Mountains;  and  the  Santa  Clara  River  carries  a  sedi¬ 
mentary  suite  with  some  metamorphlc  and  igneous  components 
from  the  Topatopa  and  Plru  Mountains.  The  San  Cabriel 
River  drains  the  igneous-metamorphlc  complex  of  the  San 
Gabriel  Mountains.  Both  the  Transverse  and  Peninsular 
Range  provinces  are  drained  by  the  Santa  Ana  River  which 
derives  a  mixed  igneous-metamorphlc  suite  from  the  San 
Bernardino,  San  Jacinto,  and  Santa  Ana  Mountains.  San 
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Onofre  Creek  drains  coastal  sediments  and  some  batholithic 
terrain,  and  the  Santa  Margarita  River  carries  a  largely 
batholithic  suite  with  a  subordinate  sedimentary  com¬ 
ponent. 

Except  for  a  few  analyses  by  Pan  (1963)  and 
Rodolfo  (1964),  no  Information  is  available  on  the  mineral 
composition  of  fine-grained  sediments  from  southern  Cali¬ 
fornia  rivers.  The  mineralogy  of  river  sands  has  been 
examined  by  Gorsllne  (1968),  and  the  mineralogy  of  southern 
California  beach  sands  is  well-known  (Handln,  1951;  Trask, 
1952,  1955;  Izmon,  I960;  Emery,  i960). 

Mineral  percents,  less-than  2 ya  clay  mineral 
ratios,  calcium  carbonate,  and  mean  diameters  of  river 
sediments  are  plotted  in  relative  geographic  position  in 
Figure  16.  Examination  of  histograms  of  river  sediments 
(figs.  8,  9)  show  that  the  mineralogy  of  the  silt  fraction 
is  strongly  Influenced  by  the  size  modes  of  the  sediment, 
particularly  by  the  sand  fraction.  For  this  reason,  mean 
diameter  must  be  considered  when  interpreting  composition¬ 
al  variations  in  these  sediments. 

Quartz  and  feldspar  show  similar  geographic  varia¬ 
tions.  Both  are  low  in  Santa  Clara  and  San  Gabriel  Rivers, 
and  higher  in  the  northern  and  southern  rivers.  Quartz- 
feldspar  ratios  are  a  little  lower  in  the  southern 
portion,  but  are  generally  erratic.  Plagioclase-K-feldspar 
ratios  decrease  southward,  but  are  again  higher  in  the  two 
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southern  rivers.  The  quartz  and  feldspar  compositions 
reflect  the  stable  mineralogy  of  the  sedimentary  sources 
in  the  north,  the  metamorph? c  and  Igneous  terrain  of  the 
central  area,  and  the  batholithic  terrain  in  the  south. 
Similarly,  the  southward  decrease  of  plagioclase- 
K-feldspar  ratios  shows  the  Influence  of  igneous  and  meta- 
morphlc  sources.  Decreasing  quartz-feldspar  ratios  and 
increasing  plagioclase-K-feldspar  ratios  In  the  southern 
rivers  result  from  the  Intermediate  igneous  rocks  of  the 
bathollth.  A  more  detailed  survey  of  river  sand- 

mineralogy  by  Gorsllne  (1968)  shows  similar  trends. 

Amphlbole  Increases  southward  from  the  Ventura 
River;  it  serves  as  an  indicator  of  the  increasingly 
crystalline  nature  of  the  terrain  in  that  direction. 

Among  the  clay  minerals,  discrepancies  exist  be¬ 
tween  percentages  and  l'atios,  and  between  the  less-than  2 /a 
and  the  2  to  62yU  fractions.  Silt-size  chlorite  and 

vermlcullte  is  higher  in  the  central  area  and  is  probably 
of  metamorphic  origin.  The  saoe  minerals,  however,  show  a 
less  well-defined  opposing  trend  in  the  less-than  2 /U  clay 
mineral  ratios  percents.  Kaolinlte  in  the  silt  and  clay 
fractions  exhibits  a  similarly  inconsistent  behavior. 

Illlte  and  nontmorillonlte,  on  the  other  hand,  behave 
uniformly  in  the  silt  and  clay  fractions.  Coarse  "nont¬ 
morillonlte"  and  fine  illlte  are  more  abundant  in  the 
northern  area,  and  fine  nontmorillonlte  and  coarse  illlte 
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dominate  In  the  central  and  southern  areas.  Total  illite 

increases  northward;  total  montmorillonite  increases  south¬ 
ward  . 

Inconsistencies  between  the  silt  and  clay  fractions 
lead  to  the  conclusions  that  the  clay  minerals  of  these 
fractions  are  of  different  origin.  The  silt-size  clay 
minerals  doubtless  represent  Igneous  and  metamorphic 
detritus,  whereas  the  less  than  2  u  clays  are  probably 
products  of  weathering  and  diagenesis.  Thus  the  abundance 
of  coarse  illite,  chlorite,  and  vermicullte  is  related  to 
muscovite,  chlorite,  and  biotite  in  the  crystalline  rocks 
of  the  central  and  southern  areas.  Fine-grained  illite 
and  coarse  "uiuntmorillonite"  reflect  diagenesis  and  altera¬ 
tion  in  the  sediments  of  the  northern  area;  but  higher 
fine-grained  montmorillonite  in  the  central  and  southern 
areas  must  result  from  weathering  of  the  less  stable 
crystalline  rocks. 

Potassium-fixability  of  the  less-than  2  u  clays 
Increases  to  the  south,  probably  as  a  result  of  more 
degradation  of  the  Igneous  and  metamorphic  micas  than  for 
the  sedimentary  mica3.  Beldellltic  montmorillonite  is 

somewhat  lower  in  the  northern  area;  as  discussed  above, 
some  of  this  material  may  represent  degraded  biotite,  and 
much  of  it  is  probably  derived  from  weathering  of  ferro- 
magneslan  silicates.  Expandable  mixed-layer  clays  show 
no  consistent  variation  among  these  rivers. 
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Calcium  carbonate  generally  decreases  southward, 
and  Is  apparently  derived  from  sedimentary  rocks. 

Basins 

General  Aspects 

Average  mlneralogic  and  sedimentary  parameters  of 
borderland  sediments  are  plotted  as  a  function  of  distance 
from  the  mainland  in  Figure  17.  Sedimentary  parameters 
for  depositional  environments  of  the  borderland  have  been 
presented  in  this  manner  by  Emery  (I960).  The  divisions 
used  here,  rivers,  nearshore,  middle,  and  offshore  basins, 
and  the  continental  rise  are  similar,  but  not  identical, 
with  the  divisions  used  by  Emery. 

Mean  diameter  of  the  carbonate-free  sediments  de¬ 
creases  offshore  in  a  way  similar  to  the  total  sediment 
size  as  shown  by  Emery  (I960).  The  curve  is  smoother  be¬ 
cause  the  effect  of  increasing  coarse  biogenic  carbonate 
offshore  has  been  eliminated.  Tanner  Basin  sediments  are 
still  slightly  coarser,  due  to  the  turbidite  influx  from 
Santa  Rosa-Cortez  Ridge. 

Calcium  carbonate  reaches  a  maximum  in  the  outer 
basins,  and  drops  sharply  on  the  continental  rise.  The 
offshore  increase  in  carbonate  is  largely  the  result  of  a 
decreasing  terrigenous  sedimentation  rate,  although  an 
increase  in  biologic  activity  offshore  contributes  to  this 
trend  (P.  17.  Barnes,  oral  communication).  The  drop  in 


Figure  17.  Variation  of  mineralogy  with  dis¬ 
tance  from  shore.  Nearshore 
basins,  Santa  Barbara  and  Santa 
Monica  Basins;  Middle  basins,  Santa 
Catalina  and  Santa  Cruz  Basins; 
Offshore  Basins,  Tanner  Basin. 
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CALCIUM  CARBONATE 
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carbonate  on  the  rise  is  caused  by  solution  in  the  deeper 
and  colder  waters,  and  by  a  reduced  sedimentation  rate, 
which  allows  longer  exposure  of  carbonates  to  solution 
before  burial. 

i'Ton-Clay  Minerals 

The  non-clay  minerals,  quartz,  feldspars,  and 
amphibole  all  show  a  general  decrease  in  quantity  off¬ 
shore  (fig.  17).  This  trend  is  a  product  of  the  medium 
and  coarse  silts,  and  implies  current  transportation  from 
the  mainland.  Quartz-feldspar  ratios  increase  offshore; 
this  is  in  part  a  result  of  decreasing  grain  sizes,  but 
also  related  to  high  quartz-feldspar  ratios  on  the  Santa 
Rosa-Cortez  Ridge.  Plagloclase-K-feldspar  ratios,  on  the 
other  hand,  show  no  consistent  variation  over  the  border¬ 
land. 

Higher  concentrations  of  quartz  and  feldspar  in  the 
silt  fractions  of  Tanner  Basin  reflect  the  turbidite  com¬ 
ponents  from  Santa  Rosa-Cortez  Ridge,  and  high  amphibole 
in  the  middle  basins  is  due  to  Santa  Catalina  Basin  sedi¬ 
ment,  which  is  derived  in  part  from  the  metamorphic  rocks 
of  Santa  Catalina  Island. 

It  is  of  Interest  to  examine  here  the  influence  of 
eolian  transport  on  the  basin  sediments.  For  this  pur¬ 
pose,  the  non-clay  silicates  are  most  suitable  in  this 
area  because  of  their  presence  in  the  silt  fraction,  which 
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also  seems  to  be  the  dominant  size  range  for  eolian  sedi¬ 
ment.  Quartz  in  particular  is  a  good  indicator  because  of 
its  stability,  detrital  nature,  and  continental  origin. 

Rex  and  Goldberg  (1938)  found  quartz  concentrations  of 
about  15  percent  in  the  East  Pacific,  with  highest  con¬ 
centrations  in  a  belt  at  30°  N  Lat.  The  mean  diameter  of 

this  material  is  about  5/u.  Rex  and  others  also  found 
quartz  in  Hawaiian  soils;  most  of  this  quartz  is  between 
2  and  10 yu.  The  illite  distribution  in  the  Pacific  is 
similar  to  the  quartz  distribution  (Griffin,  Windom,  and 
Goldberg,  1968).  Both  are  coincident  with  the  mid¬ 
latitude  Jetstream,  and  there  is  little  reason  to  doubt 
their  eolian  origin.  Wlndom  (1969)  attempted  to  show  that 
all  of  the  greater-than  2/u,  and  50  percent  of  the  less- 
than  2  nonbiogenic  sediment  in  the  North  Pacific  is 
eolian.  Bramlette  and  Arrehenius  (1965)  consider  a  sub¬ 
bottom  reflecting  layer  off  northern  Mexico  to  be  of 
eolian  origin  on  the  basis  of  a  medium  silt  size  and  a 
quartz-feldspar  composition.  Its  age  of  over  40,000  years 
suggests  periods  of  high  eolian  transport  during  the 
Pleistocene . 

Eolian  quartz  of  the  North  Pacific  is  derived  from 
three  sources,  Asia,  North  America,  and  a  global  com¬ 
ponent.  The  mid-latitude  Jetstream  carries  the  Asian  dust 

in  a  wide  band  across  the  central  Pacific  (Griffin,  Jindom, 
and  Goldberg,  1968).  Dust  from  the  North  American  deserts 
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is  frequently  carried  over  the  East  Pacific  by  Santa  Ana 
winds  that  are  active  when  the  North  Pacific  high  moves 
over  western  North  America.  Bonatti  and  Arrhenius  (1965) 
attribute  the  eolian  silt  off  northern  Mexico  to  these 
winds.  Dust  often  collects  on  ships  passing  by  the  Cali¬ 
fornia  coast  when  Santa  Ana  winds  are  blowing  according  to 
Emery  (i960)  who  concluded  from  these  observations  that 
North  America  is  the  dominant  source  of  eolian  sediment 
in  the  East  Pacific,  and  constitutes  a  significant  portion 
of  the  sediment.  Global  dust,  as  defined  by  Windom  (1969), 
is  probably  insignificant  off  North  America. 

Examination  of  the  quartz  (fig.  17)  profile  re¬ 
veals  that  the  total  quantity  of  quartz  remains  at  about 
20  percent  over  the  borderland  because  of  an  Increase  of 
less-than  4 pi  quartz.  The  feldspars  show  a  similar  but 
much  weaker  trend.  The  offshore  increase  of  fine  sllt- 
and  clay-sized  quartz  appears  to  be  caused  by  an  eolian 
component.  If  current  transport  were  the  only  process 
responsible,  a  shift  to  finer  sizes  offshore  would  result 
in  a  relative  increase  of  fine  quartz,  but  would  be  ac¬ 
companied  by  an  quantitative  decrease.  A  true  offshore 
increase  of  fine  quartz  implies  an  enriching  process,  in 
this  case  the  emergence  of  eolian  sedimentation  as  the 
quantity  of  current-transported  sediment  drops  off. 

The  eolian  component  on  the  borderland,  and  even  on 
the  continental  rise,  is  minor  compared  to  the  central 
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Pacific  because  of  much  higher  sedimentation  rates  of 
current-transported  sediment.  Windom  (1969)  has  shown 
that  dust  accumulations  on  snowflelds  are  seldom  over  0.1 
mg/cm  /yr,  even  where  local  sources  are  important,  where¬ 
as  the  terrigenous  sedimentation  rate  on  the  Continental 
Rise  is  about  3.3  mg/cm  /yr  (Emery,  I960).  Thus  the 
eolian  component  may  amount  to  only  3  percent  on  the  rise; 
and  even  when  assuming  much  higher  fallout  rates  from 
Santa  Ana  winds,  it  is  unlikely  that  the  eolian  component 
exceeds  10  percent  to  15  percent  on  the  outer  borderland. 
Nearer  to  the  coast  eolian  accumulation  may  be  several 
mg/cm  /yr  (Emery,  I960),  but  current-transported  sedimenta¬ 
tion  rates  are  proportionately  higher. 

Clay  Minerals 

As  previously  demonstrated,  clay  minerals  in  the 
basin  sediments  are  derived  from  nearby  mainland  sources, 
and  in  small  part  from  the  California  Current.  From  the 
estimates  above,  wind-transported  clay  also  appears  to  be 
minor,  but  adequate  mineralogic  data  on  eolian  sediments 
are  not.  available.  The  clay  mineral  distribution  on  the 
borderland  must  therefore  be  related  mainly  to  source  areas 
and  transport  processes,  especially  segregation  by  dif¬ 
ferential  flocculation  and  settling. 

Settling  rates  in  sea  water  for  a  number  of  clay 
minerals  have  been  determined  by  V/hitehouse,  Jeffrey,  and 


Debbrecht  (I960).  They  found  that  illlte  and  kaollnite 
settle  at  about  15.8  and  11.8  m/day,  respectively,  and 
montmorillonlte  at  1.3  m/day.  Chlorite  settles  somewhat 

faster  than  kaollnite,  and  vermiculite  slightly  faster 
than  Illlte.  Concentration  does  not  affect  the  order  of 
settling  appreciably,  but  mixtures  may  result  in  Inter¬ 
mediate  rates. 

Differential  settling  seems  to  be  most  readily 
observed  in  deltaic  and  estuarine  environments;  for  in¬ 
stance,  on  the  2,’lger  Delta  (Porrenga,  1966),  and  in  the 
Gulf  of  Paria  (Van  Andel  and  Postma,  195^).  On  the  Niger 
Delta,  effects  were  found  80  km  from  the  river  mouth,  the 
limit  of  the  area  sampled,  and  along  the  shelf.  Nhite- 
house,  Jeffrey,  and  Debbrecht  (I960)  have  shown  that  above 
15  ppt  chlorinity,  settling  rates  in  sea  water  are  almost 
constant;  therefore,  material  that  escapes  flocculation  at 
the  initial  fresh  water-sea  water  mixtures  continues  to 
settle  differentially  in  the  ocean  at  the  same  rate.  Work 
in  the  Gulf  of  Mexico  (Pinsak  and  Murray,  i960)  indicates 
some  differential  settling  of  montmorillonlte  on  the 
abyssal  plain,  and  increasing  kaollnite  offshore  in  north¬ 
eastern  parts  of  the  Gulf  of  Mexico  (Griffin,  1962)  may 
also  be  caused  by  differential  settling  in  the  open  ocean. 
On  the  other  hand,  such  differential  settling  has  not  been 
found  in  the  northern  Adriatic  Sea  (Brambatl,  1968),  pos¬ 
sibly,  however,  because  the  area  sampled  was  too  small. 
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An  examination  of  clay  mineral  variation  over  the 
borderland  reveals  several  coincident  trends  in  the  total 
mineralogy  and  in  the  less-than  2  u  clay  mineral  ratios 
(fig.  17).  Most  significant  are  illite  and  montmorillon- 
ite  because  they  make  up  70  percent  of  the  less-than  2 
fraction  and  over  50  percent  of  the  total  sediment. 

Illite  decreases  offshore  when  measured  as  a  less-than  2 /a 
fraction  and  in  the  total  sediment  over  1  ax.  In  the  less- 
than  1 yU  fraction,  it  increases  slightly.  Montmorillonlte 
increases  offshore  when  measured  by  both  approaches,  and 
the  increase  is  restricted  to  the  clay  size-ranges.  These 
trends  strongly  suggest  that  appreciable  quantities  of 
montmorlllonite  are  deposited  further  offshore  than  il¬ 
lite.  The  slight  absolute  increase  of  illite  in  the  finer 
clay  sizes  may  be  due  to  montmorillonite-like  settling 
rates  of  this  illite,  or  it  may  reflect  the  eollan  com¬ 
ponent. 

Kaolin! te  (fig.  17)  also  increases  offshore  when 
examined  by  percentage  of  ratio.  Since  keolinite  settles 
more  slowly  than  other  clay  minerals  except  montmoril- 
lonite,  it  appears  that  this  trend  is  also  caused  by  dif¬ 
ferential  settling.  Chlorite  and  vermiculite  fluctuate 
considerably  in  the  coarser  fractions,  which  implies 
variability  caused  by  local  sources;  in  the  finer  sizes, 
they  appear  to  remain  fairly  constant  over  the  borderland. 
In  this  case,  the  influx  of  chlorite  from  the  California 
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Current  is  great  enough  to  mask  or  reverse  the  differential 
settling  effect  on  chlorite. 

Expandable  mixed-layer  clays  tend  to  increase  off¬ 
shore,  vrtiereas  potassium-fixable  clays  decrease  (fig.  17). 
Although  trends  might  suggest  diagenetic  processes,  they 
may  also  be  caused  by  differential  settling.  The  expand¬ 
able  mixed-layer  clays  are  basically  montmorlllonitlc ,  and 
the  potassium-fixable  clays  illitic,  therefore  they  might 
be  expected  to  behave  similarly  to  montmorillonite  and 
illite,  as  they  do.  Beidellitic  montmorillonite  may  also 
increase  offshore  like  montmorillonite,  but  fluctuates  too 
much  to  reveal  a  trend. 
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CORE  ISIi’ERALOGY 

Correlation  of  Cores 

The  cores  collected  In  Santa  Cruz,  Santa  Catalina, 
and  Tanner  3aslns,  and  on  the  continental  rise,  cover  suf¬ 
ficient  time  spans  to  allow  correlation  by  carbonate- 
content  stratigraphy  and  by  Globlger lna  pachyderms  coiling 
ratios.  On  the  basis  of  these  correlations,  it  Is  then 
possible  to  determine  the  mineral  distribution  In  the 
middle  and  outer  California  Continental  Borderland  basins 
since  the  late  Pleistocene. 

The  Plelstocene-Holocene  bouudary  In  the  borderland 
has  been  based  on  a  change  in  coiling  direction  in  the 
planktonic  foramlnifer  Globlgerlna  pachy derma.  In  water 
colder  than  8°c,  this  organism  grows  a  left-colling  test, 
and  above  8°C.a  right-colling  test  (Bandy,  i960).  On  the 
borderland,  warming  water  at  the  end  of  the  Pleistocene 
resulted  in  a  change  in  colling  direction  from  left  to 
right.  The  colling  change  has  been  dated  with  radio¬ 
carbon  techniques  at  12,000  BP  (Emery  and  Bray,  1962). 

Coiling  ratios  were  determined  in  the  Santa  Catalina 
Basin,  Tanner  Basin,  and  continental  rise  cores.  The 
Pleistocene-Holocene  boundary  in  these  cores,  based  on 
identical  quantities  of  left-  and  right-handed  forms,  is 
at  a  depth  of  250,  260,  and  220  cm,  respectively  (fig.  18). 


Figure  18.  Carbonate  content  and  colling 

directions  of  Globlgerlna  pachyderma 
in  California  Continental  Border¬ 
land  cores  with  time  markers  estab¬ 
lished  by  Gorsllne,  Drake,  and 
Barnes  (1968)  and  Emery  and  Bray 
(196?).  Late  Quaternary  sea  level 
fluctuation  after  Curray,  1965. 
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A  minor  reversal  occurs  near  the  bottom  of  the  Santa 
Catalina  Basin  core  and  may  correspond  to  an  earlier  warm 
period  In  the  Wisconsin;  a  similar  trend  was  reported  by 
Gorsline,  Drake  and  Barnes  (1968)  In  Tanner  Basin.  In  the 
core  from  the  rise,  the  change  to  right-handed  oolllng  Is 
incomplete,  probably  due  to  inclusion  of  Pleistocene 
forams  through  slumping  and  reworking  of  the  sediment. 

A  second  stratigraphic  marker  in  the  borderland  Is 
a  sharp  increase  of  calcium  carbonate  in  the  Holocene 
that  was  apparently  caused  by  an  increase  of  productivity. 
The  inflection  point  at  the  base  of  the  high-carbonate 
sediment  has  been  radiocarbon-dated  at  7500  BP  In  Tanner 
Basin  (Gorsline,  Drake,  and  Barnes,  1968),  which  places  it 
at  the  beginning  of  the  Hypsithermal.  This  marker  is 
located  at  approximately  170  cm  in  the  Santa  Catalina 
Basin,  Tanner  Basin,  and  continental  rise  cores  (fig.  18). 

In  the  Santa  Cruz  Basin  core,  the  carbonate  in¬ 
crease  is  not  present;  Instead,  carbonate  decreases  up¬ 
ward  In  the  core  (fig.  18).  This  trend  is  characteristic 
of  post-Hypsithermal  sections  of  other  cores.  A  detailed 
study  of  carbonate  stratigraphy  in  Santa  Cruz  Basin  by  P. 

Barnes  (oral  communication)  has  shown  this  trend  to  be 
consistent  in  a  large  number  of  cores.  From  comparison 
with  these  cores,  it  appears  that  the  core  used  here 
penetrates  all  but  the  base  of  the  high-carbonate  sedi¬ 
ment.  The  age  of  the  bottom  of  this  core  is  therefore 
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dose  to  7000  years  BP. 

The  late  Plelstooone  oarbonate  stratigraphy  of  the 
borderland  has  not  been  studied  In  detail,  and  correla¬ 
tion  In  the  Pleistocene  sections  of  the  cores  must  be 
considered  tentative.  The  Santa  Catalina  and  Tanner  Basin 
cores  appear  to  span  equal  amounts  of  time.  By  extra¬ 
polating  the  90-cm  sediment  thickness  of  the  4500  yr 
Pleistocene-Hypsithermal  interval  to  the  Pleistocene 
sections  of  these  cores,  the  coro  bottoms  have  an  age  of 
28,000  to  29,000  yr  (fig.  18). 

Correlation  of  the  continental  rise  core  is  more 
difficult,  because  of  its  disturbed  nature,  and  because  of 
extensive  solution  of  calcium  carbonate  in  the  Pleistocene 
section.  Solution  was  undoubtedly  caused  by  the  lower 
temperature  of  the  water  during  the  Pleistocene.  Increas¬ 
ing  carbonate  at  the  base  of  the  core  may  be  due  to  warm¬ 
ing  of  water  during  a  warm  interval  in  the  Wisconsin. 

Using  the  same  sedimentation  rates  as  for  the  other  cores, 
an  age  of  25,000  yr  is  obtained  for  the  core  bottom. 

Pleistocene  Sea  Level 

Sea  level  fluctuation  is  an  important,  if  not  the 
predominant  factor  in  understanding  Pleistocene-Holocene 
sedimentation  on  the  borderland.  A  review  of  work  on 
Pleistocene  sea  levels  by  Curray  (1969)  shows  some  agree¬ 
ment  on  a  lew  sea-level  stand  15,000  or  18,000  BP,  and  high 
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uoa  lovol  around  25.000  to  30,000  BP  (fig.  18).  On  tha 
basis  of  tho  above  corrolatlono ,  a  oomplete  hlgh-low- 
hlgh  so a  levol  cyole  la  therefore  oovered  in  three  of  the 
cores . 

There  Is  general  agreement  that  the  last  low  sea- 
level  stand  was  at  100  to  130  m  (Curray,  1969).  A  sea- 
level  dr  o(,  of  this  it  ignltude  has  considerable  effect  on 
the  bathymetry  and  oceanography  of  the  borderland.  Figure 
19  shows  the  extent  of  subaereal  and  wave-base  exposure 
that  would  result  from  a  100  m  drop  In  sea  level.  It  is 
apparent  from  the  paleobathymetry  that  offshore  banks, 
especially  Santa  Rosa-Cortez  Ridge,  must  have  been  signi¬ 
ficant  sediment  sources  for  the  outer  basins  and  the 

continental  rise.  It  may  also  be  Inferred  that  circula¬ 
tion  was  restricted,  increasing  the  Importance  of  local 
sources  by  reducing  the  mainland  contribution  to  off¬ 
shore  areas.  Uplift  and  subsidence  may  also  have  played  a 
role  in  the  paleobathymetry,  but  there  is  little  data  on 
the  degree  to  which  this  process  was  effective. 

Grain-Size  Parameters 

Mean  diameters  of  carbonate-,  organic-,  and  iron 
oxide-free  sediments  (fig.  20)  increased  to  the  present  in 
all  but  the  Santa  Catalina  Basin  core,  where  there  is  some 
Indication  of  decreasing  grain  size.  Variation  in  mean 
diameter  is  minor.  It  is  caused  in  large  part  by  the  fine 


Figure  19.  Pleistocene  low  eea  level,  18,000 
BP;  map  shows  areas  exposed  to 

erosion  and  locations  of  cores 
penetrating  Pleistocene  sediments. 
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PLEISTOCENE  LOW  SEA  LEVEL  ;80OC  BP 


Figure  20. 


Moan  diameter,  standard  deviation, 
and  Sharp  and  Fan  sorting  lndox  or 

cores  from  California  Continental 
Borderland  basins  (carbonate-free) . 
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oand-ooarsc  nllt  tall  of  tha  distribution  which  also  ac¬ 
counts  for  tho  two  apparently  ocarnor  samples  In  tho 
Tanner  Basin  and  continental  rise  cores.  This  effect  ob- 
Hcuree  small  shifts  In  mean  diameter  of  tho  body  of  the 
distribution.  For  this  reason,  mean  diameter  does  not 
appoar  to  be  a  particularly  useful  paramoter  In  those 
sediments.  Similarly,  sorting  (fig.  20)  varies  evon  lose. 

Silt  Kineralogy 
Hon-olay  Minerals 

Two  characteristics  of  non-clay  mineral  distribu¬ 
tions  within  the  cores  are  apparent  In  Figures  21  and  22. 
First,  most  of  the  variation  is  In  the  coarse  and  medium 
silt  fractions.  Seoond,  these  minerals  exhibit  varying 
trends  In  different  basins.  Quartz  and  feldspar  trends 
are  similar,  but  the  amphibole  pattern  does  not  seem  to  be 
related  to  these.  Although  there  Is  considerable  range  of 
compositional  variation  in  the  coarse  silts,  these  trends 
are  not  nearly  as  evident  in  variation  of  mean  diameter. 
Thus  they  are  more  related  to  changes  in  sediment  sources 
and  supply  than  to  grain  size.  The  diversity  of  patterns 
among  these  cores  Implies  that  the  silt  fractions  of  these 
minerals  are  derived  mainly  from  local  sources. 

In  the  Tanner  Basin  and  continental  rise  cores, 
quartz  and  feldspar  are  low  in  the  Pleistocene  sections, 
and  increase  at  about  the  time  of  the  last  sea  level  rise. 


Figure  21.  Quart*  and  anphibolo  nlzo-frnctlon 
welght-peroenta;  coroo  plottod  on 
tloo  scale. 
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Figure  22.  Plagioclase  and  potassium  feldspar 
size-fraction  weight-percents; 

cores  plotted  on  time  scale. 
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In  the  Holocene  sections,  these  minerals  generally  remain 
high;  and  in  Santa  Cruz  Basin  they  have  increased  to  the 
present.  Amphibole  shows  a  similar  but  less  well-defined 
trend  in  these  three  cores. 

Quartz-feldspar  ratios  in  the  Tanner  Basin  and  rise 
cores  (fig.  23)  correlate  well  with  sea  level,  and  were 
high  during  the  last  low  sea-level  stand.  The  source  of 
the  low-feldspar  sediment  is  doubtless  the  Santa  Rosa- 
Cortes  Ridge,  which  is  underlain  by  Miocene  sediments, 
where  quartz-feldspar  ratios  of  sands  are  about  6  (Emery, 
I960).  Sand  on  the  Tanner-Cortes  Banks  to  the  southeast, 
on  the  other  hand,  has  a  very  low  quartz-feldspar  ratio  of 
0.17,  probably  as  a  result  of  outcrops  of  Miocene  basalts 
(Holzman,  1952).  Plagioclase-K-feldspar  ratios  seem  to 
be  somewhat  lower  during  low  sea  level.  This  may  also  be 
related  to  the  ridge  mineralogy,  but  plagioclase-K-feldspar 
ratios  on  the  ridge  are  not  known. 

That  the  Santa  Rosa  -Cortes  Ridge  is  an  important 
sediment  source  for  Tanner  Basin,  and  was  even  more  im¬ 
portant  during  the  Pleistocene,  is  evidenced  by  the 
frequency  of  turbidite  sands.  Sand  layers  are  more 
abundant  in  the  Pleistocene  sediment,  and  increase  in  the 
direction  of  the  ridge  (Gorsline,  Drake,  and  Barnes, 

1968).  The  core  used  in  this  study  also  contains  a  higher 
proportion  of  sand  layers  in  the  Pleistocene  section  (fig. 
2). 


Figure  23.  Quartz-feldspar,  plagioclase- 
K-feldspar,  montmorillonite- 
illite,  and  kaolinite-montmoril- 
lonite  ratios;  cores  plotted  on 
time  scale. 
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Mineral  constituents  of  northern  Santa  Catalina 
Basin  sediments  are  derived  mainly  from  pre-Tertiary 
metamorphlc  rocks  of  Catalina  Island  via  Catalina  Sub¬ 
marine  Canyon;  and  from  Miocene  volcanics  of  Santa  Barbara 
Island  and  shelf  to  the  north.  At  low  sea  level,  the 
volcanic  suite  would  be  expected  to  become  more  important 
because  of  Increased  exposure.  Exposure  of  the  metamorphlc 
rocks,  however,  has  not  varied  much  because  of  the  steep 
scarps  along  Santa  Catalina  Island  (fig.  1). 

The  effect  of  changing  sources  is  displayed  among 
the  non-clay  minerals  by  amphibole  (fig.  21).  Being  of 
predominantly  metamorphlc  origin,  amphibole  is  most 
abundant  at  times  of  high  sea  level  when  it  is  not  diluted 
by  the  volcanic  suite.  Quartz  and  feldspar  do  not  show 
this  trend  as  clearly  since  their  origin  is  not  unique, 
and  the  increase  of  these  minerals  near  the  bottom  of  the 
core  may  not  be  directly  related  to  either  source.  The 
high  plagloclase-K-feldspar  ratios  in  the  upper  portion 
of  the  core  (fig.  23)  are  clearly  related  to  Santa  Cata¬ 
lina  Island,  which  contributes  a  plagioclase-rich  suite. 

The  absence  of  high  plagioclase-K-feldspar  ratios  in  the 
lower  section  of  the  core,  and  the  increase  in  quartz  and 
feldspar,  may  indicate  that  a  third,  possibly  sedimentary 
source  may  have  been  Important  at  that  time. 
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Clay  Minerals 

The  clay  mineral  distribution  in  the  cores  must  be 
considered  in  two  ways.  Clay  minerals  of  the  medium  and 

coarse  silt  fractions  are  primarily  of  local  origin  like 
the  non-clay  minerals;  but  for  clay  minerals  in  the  fine 
fractions,  long-distance  transport  as  a  significant  factor 
must  be  considered. 

Coarse  clay  minerals  (figs.  24  and  25)  on  the  whole 
have  trends  that  are  opposite  to  those  of  the  non-clay 
minerals.  Particularly  the  two  most  abundant  con¬ 
stituents,  illite  and  montmorillonite,  are  present  in  in¬ 
verse  abundance  to  the  non-clays.  There  is  a  slight 
general  decrease  of  most  clay  minerals  since  the  Pleisto¬ 
cene  in  the  Tanner  Basin  and  continental  rise  cores;  and 
in  the  Holocene  of  the  Santa  Cruz  Basin  core,  all  clay 
minerals  decrease  toward  the  top. 

Trends  in  the  Santa  Catalina  Basin  core  are  more 
complex.  The  chlorite  distribution  follows  the  sea  level 
curve  like  amphibole,  and  increases  with  high  sea  level. 
Like  amphibole,  the  chlorite  reflects  the  metamorphic 
suite  from  Santa  Catalina  Island. 

Vermicullte,  which  is  found  primarily  in  the  coarse 
fractions,  is  prominent  in  the  Holocene  section  of  the 
Santa  Catalina  Basin  core,  and  in  the  upper  Pleistocene  of 
the  continental  rise  core.  Since  this  mineral  probably 
consists  in  large  part  of  altered  biotite,  it  can  be 


Figure  24.  Montmroillonite  and  illlte  size- 
fraction  weight-percents;  cores 
plotted  on  time  scale. 
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Figure  25.  Chlorite,  kaolinite,  and  vermicul- 
ite  size-fraction  weight-percents; 

cores  plotted  on  time  scale. 
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ezpeoted  Id  the  metamorphlc  Santa  Catalina  Inland  suite, 

but  ite  abundanoe  In  the  rise  oore  la  at  present  un¬ 
explained. 

It  le  apparent  that,  with  the  exoeptlon  of  chlorite 
and  aophibole  in  3anta  Oatallna  Basin,  the  ooaree  olaye 
and  the  non-olay  minerals  show  no  direct  variation  with 
sea  level  fluctuations.  The  clay  mineralogy  of  the  off¬ 
shore  banks  ie  at  present  unknown,  and  therefore  no  com¬ 
parison  of  compositions  or  ratios  oan  be  made  as  wac  done 
with  quartz-feldspar  ratios  on  Santa  Roea-Cortes  Ridge. 
Pleletooene-Holocene  variation  In  ellt  mineralogy,  al¬ 
though  significant  and  undoubtedly  related  to  changes  In 
local  souroee  ae  controlled  by  sea-level  fluctuation,  has 
a  complexity  that  requires  more  data  for  an  adequate 
interpretation. 

Less  Than  2  Micron  Clay  Minerals 

Less  than  2/u  clay  minerals,  which  comprise  the 
bulk  of  this  size  fraction,  are  derived  from  both  local 
and  distant  sources.  The  well-mixed  nature  of  fine 
fractions  from  borderland  basin  sediments  has  been  pre¬ 
viously  discussed.  Because  of  mixing  and  smoothing-out 
of  local  effects  in  the  clay-size  fractions,  It  Is  pos¬ 
sible  to  examine  this  fraction  for  regional  effects  on  the 
clay  mineral  distribution  slnoe  the  late  Pleistocene. 

Less  than  2^u  clay  mineral  ratio  percents  (figs. 
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26,  27*  and  28)  show  some  similarity  to  the  coarser  clay 
minerals,  but  also  considerable  differences.  Illite  in¬ 
creases  slightly  to  the  tops  of  the  cores  and  montmoril- 
lonite  remains  constant  or  decreases  slightly.  Kaolinite 
has  decreased  to  the  present;  whereas  chlorite  has 
generally  increased,  and  vermiculite  trends  are  variable. 

Trends  of  illite  and  montmorlllonite  ratio  per¬ 
cents,  which  include  about  two-thirds  of  the  clay 
minerals,  are  almost  mirror  images  and  appear  unaffected 
by  the  minor  clay  minerals.  The  three  long  cores  contain 
a  bulge  in  illite  and  montmorlllonite  trends  that  is 
located  in  the  central  sections.  The  montmorlllonite 
bulge  is  better  expressed  by  a  plot  of  montmorillonlte- 
illite  ratios  (fig.  23)*  The  montmorlllonite  increase 
appears  first  in  the  rise  core  at  about  the  time  of 
minimum  sea  level,  a  little  later  in  Tanner  Basin,  and 
near  the  end  of  the  Pleistocene  in  Santa  Catalina  Basin. 
Montmorlllonite  decreases  in  the  Holocene  sections  of  all 
four  cores.  The  similarity  of  these  trends  suggests  that 
this  is  a  regional  pattern,  and  the  sequence  is  such  that 
a  gradual  landward  progression  of  higher  montmorillonlte- 
illite  ratios  results.  Montmorlllonite-illite  ratios  are 
generally  higher  in  the  outer  borderland  as  had  been 
previously  shown,  and  the  montmorlllonite  bulge  is  also 
greater  in  the  outer  borderland. 

Clay-mineral  segregation  by  differential  settling 


Figure  26.  Less  than  2 /U  montmorillonite  and 
illite  ratio  percents;  cores 
plotted  on  time  scale. 
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II.  _ -  -  — _ _ _ 


years  BP  I0J  years  BP 


Figure  27.  Less  than  2/u  kaolinite  and 

chlorite  ratio  percents;  cores 
plotted  on  time  scale. 
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Figure  28.  Less  than  2/u  veroiculite  ratio 
percents  and  mixed-layer  clay; 
cores  plotted  on  time  scale. 


155 


157 


which  accounts  for  higher  montmorillonite  on  the  outer 
borderland  also  appears  to  have  caused  the  montmorillonite 
bulge  in  the  cores.  A  minimum  sea  level,  when  island  and 
offshore-bank  sediment-sources  were  important,  the  average 
transport  distance  for  basin  sediment  was  reduced,  result¬ 
ing  in  a  greater  abundance  of  faster-settling  lllite.  As 
sea  level  began  to  rise  at  the  close  of  the  Pleistocene, 
the  importance  of  the  offshore  sources  decreased,  and 
mainland  sediment  sources  contributed  a  relatively  greater 
proportion.  ,T,his  process  is  analogous  to  increasing  the 
average  transport  distance  of  an  average  source.  If  differen¬ 
tial  settling  is  active,  an  increase  in  the  montmorlllonite- 
illite  would  be  preferentially  deposited  in  the  nearshore 
areas.  The  increase  of  montmorillonite  would  be  expected 
first  on  the  outer  borderland  because  here  the  cumulative 
effect  of  all  sources  is  felt  most,  whereas  in  the  inner 
borderland,  a  larger  rise  of  sea  level  will  be  required  to 
initiate  the  apparent  removal  of  sources. 

The  overall  decrease  of  montmorillonite-lllite 
ratios  as  of  the  Hypsithermal  is  not  explained  by  the 
differential  settling  process  and  remains  a  puzzling 
problem.  A  possible  explanation  (D.  S.  Gorsline,  oral 
communication)  is  that  the  decreasing  montmorillonite- 
lllite  ratios  reflect  an  equilibration  of  southern  Cali- 
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fornia  streams  to  the  present  sea  level,  and  that  Pleisto¬ 
cene  stream  deposits  with  lower  montmorillonite  contents 
are  presently  being  eroded. 

The  decrease  of  less  than  2  u  kaolinite  in  the 
Holocene  sections  of  the  cores  is  probably  related  to  a 
drier  climate  in  southern  California  since  the  end  of  the 
Pleistocene  inasmuch  as  it  can  be  resolved  from  the  ef¬ 
fect  of  local  variations.  Kaolinite  is  thought  to  form 
most  readily  under  fairly  humid  conditions;  Sherman  (1952) 
has  shown  that  kaolinite  content  in  Hawaiian  soils  in¬ 
creases  with  rainfall,  and  that  montmorillonite  decreases 
proportionately  under  these  conditions.  A  plot  of  kaolin- 
ite-montmorillonite  ratios  (fig.  23)  shows  that  these  de¬ 
crease  toward  the  end  of  the  Pleistocene;  during  the 
Holocene,  they  remain  constant  or  increase  slightly.  The 
general  coincidence  of  these  trends  in  the  cores  suggests 
that  climatic  change  is  responsible  for  much  of  the 
kaolinite  distribution. 

Higher  chlorite  in  the  Holocene  sections  of  the 
cores  is  partly  related  to  local  sources,  as  in  Santa 
Catalina  Basin.  Higher  chlorite  concentrations  in  the 
outer  borderland  may  reflect  a  relatively  higher  Cali¬ 
fornia  Current  contribution  as  bank-top  and  island  sources 

became  submerged  at  the  end  of  the  Pleistocene. 
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Expandable  Clays 

Parameters  for  less  than  2/u  expandable  clays, 
mixed  layering,  beidellitic  montmorillonite,  and  potassium 
fixing  are  shown  in  Figures  28  and  29.  The  low  precision 
of  these  values  makes  it  difficult  to  evaluate  these 
trends.  There  appears  to  be  no  consistent  pattern  to  the 
mixed-layer  clays.  Potassium  fixing  increases  toward  the 
bottoms  of  the  Tanner  Basin  and  continental  rise  cores; 
this  trend  is  probably  related  to  the  bank-top  sources 
rather  than  to  diagenesls,  as  it  is  not  observed  in  the 
Santa  Catalina  Basin  core.  Beidellitic  montmorillonite 
content  does  not  vary  much  except  in  Santa  Catalina  Basin, 
where  a  high  beidellite  concentration  occurs  at  the  top 
and  bottom  of  the  core.  This  trend  is  similar  to  that  of 
chlorite  and  amphibole,  and  like  them,  records  the  sea- 
level  fluctuations.  The  beidellite  probably  represents  in 
large  part  iron-rich  montmorillonite  derived  from  weather¬ 
ing  of  ferromagneslan  minerals  in  the  metamorphic  suite 


from  Catalina  Island 


Figure  29.  Potassium-fixable  clay  and 

beidellitic  clay  in  tne  less- 
than  2/u  expandable  clay  fraction; 
cores  plotted  on  time  scale. 
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SANTA  BARBARA  BASIN  MINERALOGY 
General  Aspects 

The  sediments  of  Santa  Barbara  Basin  (fig.  1)  are 
exceptional  in  the  California  Continental  Borderland  in 
that  they  are  undisturbed  by  postdepositional  processes. 
Coupled  with  one  of  the  highest  sedimentation  rates  on  the 
borderland,  this  feature  results  in  an  extremely  detailed 
depositional  history  for  the  basin,  and  allows  one  to 
elucidate  depositional  processes  to  a  degree  not  possible 
elsewhere  in  the  borderland. 

The  cause  for  the  undisturbed  state  of  the  sedi¬ 
ments  is  a  very  low  oxygen  content  of  bottom  water  that  is 
inhospitable  to  larger,  bottom-disturbing  benthic 
organisms.  Emery  (I960)  has  shown  that  waters  below  sill 
depth  in  California  Continental  Borderland  basins  have  the 
characteristics  of  water  entering  the  basin  at  the  depth 
of  the  sill.  The  sill  of  Santa  Barbara  Basin  is  at  its 
western  end  at  a  depth  of  475  m  and  lies  within  the 
oxygen  minimum  of  North  Pacific  water.  As  a  result,  the 
subsill  water  of  the  basin  has  an  oxygen  content  of  about 
0.5  ml/L.  This  value  decreases  to  less  than  0.1  ml/L, 
due  to  depletion  by  organisms,  in  the  deepest  part  of  the 
basin,  between  600  and  625  m  (Hulsemann  and  Emery,  1961). 

Circulation  in  Santa  Barbara  Basin,  although  an 
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important  factor  in  acquiring  a  detailed  knowledge  of  the 
sediment  distribution,  is  not  well  known.  Part  of  the 
water  comes  from  the  California  Current,  and  enters  the 
basin  at  the  western  end.  This  water  makes  a  counter¬ 
clockwise  eddy  in  the  western  two-thirds  of  the  basin  and 
departs  through  the  western  end  as  a  coastal  counter- 
current  (R.  L.  IColpack,  oral  communication).  In  addition, 
the  Davidson  Current,  part,  of  a  larger  eddy  over  the 
borderland,  brings  in  warm  Southern  Water  through  the 
eastern  passage  of  the  basin.  This  waiter  is  entrained  in 
the  California  Current  eddy  (Kolpack,  oral  communication). 

The  sediments  of  the  basin  have  been  classified  by 

t  4 

Hulsemann  and  Emery  (1961)  into  laminated  mud,  homogenous 
mud,  and  turbidites.  The  laminated  mud  consists  of 
couplets  of  light  and  dark  layers  approximately  2  mm 
thick.  The  dark  layers  are  composed  of  terrigenous 
material  deposited  in  fall  and  winter;  the  light  laminae 
are  rich  in  diatoms  and  radiolarians ,  and  were  deposited 
in  spring  and  summer.  Detailed  study  of  the  laminae  by 
R.  E.  Casey  (oral  communication)  and  Soutar  (1969) 
established  their  seasonal  nature.  Casey  demonstrated 
that  the  diatom  concentrations  are  related  to  plankton 
blooms;  and  that  the  dark  laminae  are  rich  in  sub-polar 
radiolarians  which  are  carried  into  the  basin  by  the 
California  Current,  where  they  suffer  mass  mortality  as 
the  cold  water  mixes  with  warmer  Southern  Water, 


164 


The  homogenous  mud  appears  to  be  disturbed 

laminated  sediment.  Hulsemann  and  Emery  (1961)  found  that 
homogenous  sediment  increases  toward  the  perimeter  of  the 

basin,  and  is  more  common  in  shallow  depths.  Post- 
depositional  disturbance  of  laminated  mud  by  benthic 
organisms,  slumping,  and  turbidites  is  responsible  for  the 
uniform  appearance  of  the  so-called  homogenous  mud. 

Intercalated  with  the  olive-green  laminated  and 
homogenous  sediment  are  numerous  gray  silt  layers  which 
are  from  a  few  millimeters  to  several  centimeters  thick 
(fig.  2).  They  are  easily  distinguished  on  t’  e  basis  of 
their  color,  low  organic  matter,  and  low  carbonate  content. 
Hulsemann  and  Emery  (1961)  considered  these  layers  to  be 
turbidites.  As  evidence,  they  cited  graded  bedding  in 
some  of  the  thicker  layers,  an  occasional  oxidized  zone  at 
the  base,  supposedly  coarser  grain  size,  and  an  increase 
in  the  number  of  layers  to  the  northern  margin  of  the 
basin.  These  characteristics,  coupled  with  the  low 
carbonate  and  organic  content,  led  them  to  postulate  the 
northern  mainland  shelf  as  the  source  of  the  turbidites. 

A  comparative  mineralogic  study  of  gray  silt  layers 
and  laminated  green  mud  was  made  on  the  core  collected  for 
this  work  with  the  purpose  of  examining  the  source  and 
depositional  mechanism  of  the  gray  layers.  The  location 
of  the  core,  in  the  deepest,  central  part  of  the  basin 
(fig.  1)  is  well-suited  for  this  purpose;  and  the  recovered 
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length  of  about  7  m  provides  a  substantial  deposltional 
record.  Examination  of  the  core  revealed  34  gray  silt 
layers  0.5  cm  or  thicker  (fig.  2);  25  of  these,  or  70 
percent,  are  2  cm  or  less  in  thickness;  5  are  over  2  cm 
and  under  10  cm  thick,  and  4  are  10  to  12  cm  thick.  The 
thicker  layers  occur  below  300  cm;  Hulsemann  and  Emery 
found  a  similar  sequence  in  their  cores.  There  is  some 
indication  of  graded  bedding  in  the  thicker  layers.  No 
distinction  has  been  made  between  laminated  and  homo¬ 
genous  sediment,  because  they  are  essentially  the  same 
material.  Eleven  gray  layers  and  15  samples  of  green  mud 
in  50-cm  intervals  were  analyzed. 

The  span  of  time  covered  in  the  core  can  be 
estimated  on  the  basis  of  a  radiocarbon-dated  core  re¬ 
covered  in  the  same  area  of  the  basin  (Emery,  I960).  At  a 
depth  of  425  cm,  this  core  had  an  age  of  2700  yr;  by 
extrapolation,  the  bottom  of  the  core  used  in  this  work 
would  have  an  age  of  approximately  4200  yr. 

Sediment  sources,  discussed  in  the  previous  section, 
for  Santa  Barbara  Basin  are  mainly  the  Santa  Clara  and 
Ventura  Rivers,  located  at  the  eastern  end  of  the  basin. 
Additional  sediment  from  the  Santa  Ynez  River  is  probably 
transported  into  the  basin  in  significant  quantities.  A 
minor  contribution  is  made  by  coastal  drainage  of  the 
Santa  Ynez  Mountains  along  the  northern  margin  of  the 
basin.  Suspended-sediment  representative  of  these  sources 
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was  collected  from  the  Santa  Ynez,  Ventura,  and  Santa 
Clara  Rivers  during  the  1969  flood;  in  addition,  bedload 
sediment  was  collected  from  Gaviota  Canyon  and  the  Ventura 
River  (fig.  1). 

Comparative  Core  Mineralogy 
Grain  Size  and  Carbonate 

Comparison  of  average  organic  matter-  and 
carbonate-free  grain-size  parameters  (Table  9)  revealed 
that  both  types  of  sediment  have  mean  diameters  in  the 
fine-silt  range,  but  that  the  gray  layers  are  a  little 
finer  and  better  sorted  than  the  green  mud.  Variation  of 
grain-size  parameters  in  the  core  is  minor;  there  is  a 
slight  coarsening  down  the  core  (fig.  30).  These  dif¬ 
ferences  in  the  two  types  of  sediment  are  made  more  ap¬ 
parent  by  their  size-frequency  distributions  (fig.  31). 

The  gray  silt  has  a  considerably  more  peaked  distribution, 
even  though  the  silt-clay  ratios  for  the  two  sediments  are 
about  the  same  and  vary  little  with  depth  (fig.  30). 
Average  values  for  kurtosis  are  -0.60  and  -0.42  for  the 
green  and  gray  sediments,  respectively,  and  confirm  the 
observed  modal  differences.  The  frequency  distributions 
also  show  another  significant  difference  between  the  two 
sediments:  the  green  mud  contains  appreciably  more  sand 
and  coarse  silt  than  the  gray  silt. 
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Table  9.  Composition  of  green  mud  and  gray  layers, 
Santa  Barbara  Basin 


Sediment  Parameters  and  Carbonate  Content 


Sort- 

Mean  ing 

Wo.  Diam.,  Std.  Coef.  Skew-  CaCO}, 

_ Spies.  Microns  Dev. _ ^ _ ness _ % 

Green  15  2.8  2.74  28  0.40  9.76 

Gray _ 11  2.2  2.48  31  0.55 _ 2. 4g 
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Figure  30.  Grain-size  parameters  and 

carbonate  content,  Santa  Barbara 
Basin,  core  11270. 
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Figure  31.  Average  mineral  size-distributions 
for  Santa  Barbara  Basin  green  mud 
and  gray  layers.  K,  montmoril- 
lonite;  I,  illite;  K,  kaolinite; 

C,  chlorite;- V,  vermicullte;  Q, 
quartz;  P»  plagioclase;  0,  K- 
feldspar;  MDf  mean  diameter. 
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These  findings  conflict  with  those  of  Hulsemann 
and  Emery  (1961),  who  stated  that  the  gray  layers  are 
coarser  than  the  green  mud.  A  proposed  depositional  pro¬ 
cess  for  the  gray  layers  then  must  explain  the  better 
sorting,  finer  grain  size,  and  the  near-absence  of  sand. 

Calcium  carbonate  content  (Table  9>  fig.  30)  in 

the  gray  layers  is  only  25  percent  of  that  in  the  green 

mud;  this  value  corresponds  to  the  carbonate  content  on 
•  * 

the  shelf  (Hulsemann  and  Emery,  1961);  it  also  approxi¬ 
mates  the  carbonate  content  of  the  rivers  (Table  3)° 

Minerals 

Average  mineral  compositions  of  the  green  mud  and 
the  gray  layers  are  given  in  Table  9  where  it  can  be  seen 
that  the  gray  layers  are  a  little  higher  in  quartz  and 
illite,  and  lower  in  chlorite  and  vermiculite.  When 
plotted  on  a  total-composition  ternary  diagram  (fig.  32) 
the  green  mud  appears  enriched  in  montmorillonite  as  com¬ 
pared  to  the  river  sediments,  whereas  the  gray  silt 
occupies  a  narrow  intermediate  band.  A  number  of  gray 
layers  are  higher  in  illite  and  kaolinite  than  either 
river  sediments  or  green  mud.  This  may  be  caused  by 
either  a  change  in  composition  of  source  material,  or  by 
segregation  of  illite  and  kaolinite  during  transport. 

Quartz-feldspar  ratios  for  green  mud  and  gray 
layers  are  about  3.8;  for  rivers,  the  ratios  are  somewhat 


Figure  32.  Bulk  mineral  and  quartz-feldspar 
composition  diagrams  of  less  than 

62 ai  Santa  Barbara  Basin  and  river 
sediments.  SYs,  Santa  Ynez  River, 
suspended  load;  G,  Gavlota  Canyon; 
V,  Ventura  River;  Vs,  Ventura 
River,  suspended  load;  SCs,  Santa 
Clara  River,  suspended  load. 


173 


i 


L 


KAOLINITE 


175 


higher.  As  has  been  previously  shown,  quartz-feldspar 
ratios  are  size-dependent  and  increase  in  the  silt  and 
clay  sizes.  This  explains  the  large  spread  in  quartz 
content  in  Figure  32.  Plagioclase-K-feldspar  ratios  are 
about  3»0  for  the  basin  sediment  and  a  little  higher  for 
river  sediments,  but  do  not  vary  appreciably  (fig.  32). 

Amphibole  (Table  9)  was  detected  in  about  one-half 
cf  the  samples  of  green  mud,  but  not  at  all  in  the  gray 
layers.  It  occurs  in  small  but  detectable  amounts  in  all 
rivers  except  the  Ventura  River.  The  presence  of 
amphibole  in  the  rivers,  and  its  absence  in  cne  gray 
layers,  is  a  result  of  the  lower  detection  limit  of  the 
method  used  to  analyze  the  river  sediments.  For  these, 
silt  and  clay  fractions  were  separated,  giving  good 
resolution  of  silt-size  minerals  like  amphibole.  The 
basin  sediments  were  analyzed  in  cumulative  pipette 
fractions,  and  the  presence  of  the  clay  size-fraction  here 
raises  the  detection  limit  by  diluting  the  silt  fraction. 

Less-than  2 /u  clay  mineral  ratio  percents  (fig. 

33)  show  decreasing  scatter  from  river  sediments  to  gray 
layers  to  green  mud.  Ternary  diagrams  for  the  less  than 
2 yu  fraction  also  show  an  apparent  enrichment  of  montmoril- 
lonite  in  the  basin  sediments  and  of  chlorite  in  the  green 

mud.  The  percent  of  expandable  mixed-layer  clay  does  not 
vary  greatly  in  these  sediments,  although  the  green  mud 
contains  a  little  more  of  this  material  than  the  gray 


Figure  33.  Less  than  2 /i  clay  mineral  com¬ 
position  diagrams,  Santa  Barbara 

Basin  and  rivers.  SYs,  Santa 
Ynez  River,  suspended  load;  G, 
Gaviota  Canyon;  V,  Ventura  River; 
Vs,  Ventura  River,  suspended  load 
SCs,  Santa  Clara  River,  suspended 
load. 
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layers. 

Considerable  mineralogic  variation  down  the  core 
occurs  in  the  gray  layers,  whereas  the  composition  of  the 
green  mud  remains  more  constant  (figs.  34,  35 )•  Chlorite, 
kaolinite,  and  illite  decrease;  and  vermiculite,  quartz, 
and  feldspars  increase  in  abundance  down  the  core  within 
the  gray  layers.  In  the  green  mud,  only  chlorite  de¬ 
creases,  and  vermiculite  and  amphibole  increase  downward. 
This  variation  takes  place  mainly  in  the  silt  fraction, 
and  the  changes  In  the  less  than  2 /u  clay  minerals  are 
considerably  less  (fig.  35)  •  Potassium-fixable  clay  de¬ 
creases  downward,  and  expandable  mixed-layer  clay  de¬ 
creases  downward  in  the  gray  layers.  These  two  trends 
appear  to  be  inherited  rather  than  dlagenetic,  as  they  are 
not  always  reproducible  in  cores  from  other  borderland 
basins. 

A  significant  fact  is  that  these  variations,  es¬ 
pecially  those  in  the  silt  fractions,  represent  true 
compositional  differences,  and  are  not  simply  related  to 
a  shift  in  sediment  size.  Thus,  the  small  shift  in  mean 
diameter  down  the  core  (fig.  30)  is  not  sufficient  to  ac¬ 
count  for  the  variation  in  mineral  composition.  This 
anomaly  must  then  be  caused  by  changing  sources,  or  by 
variations  within  the  source  areas. 


Figure  34.  Less  than  62  Ai  size-fraction 

mineralogy,  Santa  Barbara  Basin, 
core  11270. 
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Figure  35.  Less  than  2 /a  clay  mineral  ratio 
percents,  Santa  Barbara  Basin, 

core  11270. 
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Source  of  Sediment 

Among  the  compositional  diagrams  (figs.  32  and  33). 
it  is  important  to  note  the  relation  of  the  Santa  Clara 
River.  On  the  total-composition  diagram,  it  fits  most 
closely  to  the  basin  sediments,  as  it  does  in  the  mont- 
morillonite-mixed-layer  clay-illite  diagram.  It  is  the 
only  river  that  does  not  show  an  illite  deficiency  com¬ 
pared  to  the  basin  sediments.  The  Santa  Clara  River  has 
the  lowest  chlorite  content  among  the  rivers;  making  the 
chlorite  content  of  the  gray  layers  intermediate  between 
it  and  the  green  mud.  Since  the  sedimentological  pro¬ 
perties  of  the  gray  layers  point  to  a  local  origin  on  the 
basin  margin  and  to  a  rapid  deposltional  process,  it  is 
probable  that  the  Santa  Clara  River  is  the  major  con¬ 
tributor  to  the  gray  layers  and  to  the  green  mud  as  well. 

In  order  to  make  a  more  comprehensive  comparison 
of  the  basin  sediments  with  the  rivers,  a  technique  was 
employed  which  enables  comparison  by  ranking  of  the  river 
mineral  suites  with  a  basin  mineral  suite.  For  this 
purpose,  the  mineral  suite  of  the  less  than  62/u  fraction 
is  most  appropriate  for  a  comparison  with  the  gray  layers 
or  the  green  mud.  Ranking  was  used  to  give  equal  weights 
to  each  mineral  in  the  suite,  since  the  composition  of 
different  minerals  ranged  from  zero  to  over  50  percent. 

The  method  used  allows  a  rapid  multiple  comparison 
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of  a  large  number  of  data  seta,  N  (mineral  suites  in  this 
case),  composed  of  a  large  number  of  variables,  v  (mineral 
percents),  with  a  null  set  (the  basin  sediments).  A  rank¬ 
ing  number,  R,  where  R  =  0,  1,  2,  ...,  N-l,  is  assigned  to 
each  variable.  R  is  determined  by  ranking  the  absolute 
values  of  the  differences  of  each  variable  in  the  data 
sets  and  its  corresponding  value  in  the  null  set.  A  rank¬ 
ing  coefficient,  Cy,  can  then  be  determined  for  each  data 
set  by 


v 


V(N  -  1) 


when  R  is  summed  over  all  variables  of  N.  is  not  an 
tndcpeuJeni  coefficient  for  each  data  set,  because 


N 


whaie  i?  for  one  variable  ia  summed  over  N.  Instead,  it 
gives  the  degree  of  fit  of  a  particular  data  set  to  the 
null  set  relative  to  the  other  data  sets.  =  1  is  a 
best  fit,  and  C,vT  =  0  is  a  worst  fit.  C.T  =  0.5  means  an 

i.  X' 

average  fit;  a  value  of  0.5  for  all  daba  sets  would 
indicate  equal  degrees  of  fit  to  the  null  set,  but  does 
not  imply  that  the  fit  is  good  or  bad.  No  absolute 
measure  of  correlation  is  made  by  0^.  Similarly,  a  very 
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high  value  of  does  not  imply  a  high  similarity  with  the 
null  set,  but  simply  a  greater  similarity  than  for  the 
other  data  sets. 

This  method  was  applied  to  the  nine-mineral  suites 
of  the  less-than  2 /u  fractions  of  the  five  river  sedi¬ 
ments,  both  as  averages  and  as  individual  analyses.  The 
results  are  similar  for  gray  layers  and  green  mud,  but  the 
gray  layers  reveal  a  greater  range  and  diversity  (fig. 

36).  This  suggests  a  greater  effect  of  variation  in  local 
sources  on  the  gray  layers.  The  Santa  Clara  River  suite 
fits  the  basin  sediments  best;  the  Santa  Ynez  River  and 
Gaviota  Canyon  have  intermediate  fits.  The  Ventura  River 
shows  the  least  agreement  in  both  suspended-  and  bottom- 
sediment  suites. 

A  rather  abrupt  ohange  in  mineral  suites  of  the 
basin  sediments,  particularly  the  gray  layers,  and  al¬ 
ready  indicated  by  mineral  percents  (figs.  3^,  35) »  Is 
suggested  by  the  ranking  coefficients.  In  the  upper 
half,  the  Santa  Clara-Santa  Ynez  River  suites  dominate, 
whereas  in  the  lower  half,  a  Gaviota-Ventura  River  suite 
is  dominant.  The  shift  corresponds  to  the  appearance  of 
the  thicker  gray  layers  in  the  core  (fig.  2).  The  cause 
of  the  shift  is  conjectural,  but  could  be  related  to  a 
sediment  supply  on  the  northern  mainland  shelf,  which 
decreased  at  some  time  before  the  upper  3  m  of  sediment 
were  deposited  in  the  basin. 


Figure  36.  Fit  of  less  than  62 /u  river 

mineral-suites  to  gray  layers 
and  (vpeen  mud  of  Santa  Barbara 
Basin  by  ranking  (see  text). 
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Prom  all  of  the  above  considerations,  it  is  pro¬ 
posed  that  the  Santa  Clara  River  was  the  dominant  source 
of  Santa  Barbara  Basin  sediment,  and  particularly  to  the 
gray  layers  in  the  upper  half  of  the  core.  It  should  be 
emphasized  that  it  does  not  follow  from  the  above  analysis 
that  a  good  fit  in  itself  defines  the  dominant  source. 

The  Santa  Ynez  River,  for  instance,  has  a  better  than 
average  fit,  but  lies  outside  of  the  perimeter  of  the 
basin  and  probably  supplies  a  subordinate  quantity  of 
sediment.  The  Santa  Clara  River,  on  the  other  hand,  is  by 
far  the  largest  single  drainage  area  on  the  basin  peri¬ 
meter  (fig.  15)i  and  makes  the  other  sources  almost  in¬ 
significant. 

Additional  evidence  that  the  Santa  Clara  River  Is 
the  main  source  of  the  basin  sediment,  and  especially  of 
the  gray  layers,  is  the  fine-silt  size  range  of  the  gray 
layers.  Stevenson,  Uchupi,  and  Gorsllne  (1959)  first 
reported  that  the  mainland  shelf  east  of  Santa  Barbara  is 
the  only  location  in  southern  California  where  silt  is 
abundant,  on  the  shelf.  Wimberly  (1964)  divided  this  area 
into  the  Santa  Clara  River  prodelta  deposit  and  the  Las 
Pitas  mud  deposit  to  the  west.  Mean  diameters  of  the  Las 
Pitas  mud  deposit  range  from  8  to  16 yu,  usually  7  to  8/u; 
and  the  sand  content  is  less  than  1  percent  (Wimberly, 
1964).  This  shelf  deposit,  derived  from  the  Santa  Clara 
River,  indicates  the  magnitude  of  this  source  and  may  it- 
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self  be  a  supplier. 


Depcsitional  Process 

The  turbidite  origin  of  the  gray  layers  proposed 

* / 

by  Hulsemann  and  Emery  (1961)  does  not  appear  to  be 
suitable  for  several  reasons.  First,  the  northern  shelf 
is  not  an  important  sediment  source  because  of  its  small 
drainage  area.  Second,  mineral  suites  of  the  gray  layers 
do  not  match  those  of  the  Santa  Ynez  Range  drainage,  but 
rather  the  Santa  Clara  River.  Third,  the  fine-silt  size 
of  the  gray  layers  makes  a  turbidite  origin  questionable. 
Turbidites  are  common  in  some  borderland  basins  (Gorsline 
and  Emery,  1959;  Gorsline,  Drake,  and  Barnes,  1967)  and 
are  often  present  in  similar  late  Tertiary  strata  (Bram- 
lette,  1946),  but  are  always  sand-sized.  The  gray  silt 
layers  of  Santa  Barbara  Basin  appear  to  be  unique  in  this 
respect. 

An  explanation  of  the  gray  layers  that  is  more 
consistent  with  their  characteristics  is  that  they  are 
flood-year  deposits.  Rather  than  being  derived  from  re¬ 
suspended  shelf  sediments,  they  are  deposited  more  or 
less  directly  from  the  heavy  suspended  load  that  southern 
California  rivers  carry  during  severe  seasonal  storms. 
Such  floods,  popularly  called  "100-year  storms,"  coincide 
well  with  the  frequency  of  the  gray  layers.  With  an 
estimated  age  of  4200  yr  for  the  core  in  this  work,  the 
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gray  layers  counted  occur  at  an  average  Interval  of  120 
yr. 

A  storm  of  this  kind  occurred  in  winter  1969  when 
two  successive  two-week  storms  In  January  and  In  February- 
March  caused  record  rainfalls  in  southern  California.  Un¬ 
published  United  States  Geological  Survey  records  from  the 
gauging  station  on  the  Santa  Clara  River  indicate  that  5^ 
million  tons  of  suspended  sediment  were  carried  into  the 
ocean  during  these  two  storms. 

An  approximation  of  thickness  of  the  deposit  re¬ 
sulting  from  the  above  quantity  of  suspended  sediment  can 
readily  be  made.  The  bulk  density  of  the  sediment  can  be 
estimated  confidently  at  about  1.5  using  water  content, 
sediment  size,  and  core  penetration  data  for  California 
basin  sediments  using  data  given  by  Emery  (i960).  The 

areal  extent  of  such  a  deposit  is  more  difficult  to  esti- 

2 

mate.  An  area  of  2700  km  ,  a  70  km  by  15  km  rectangle 

extending  westward  from  the  Santa  Clara  River,  was  used. 

This  area  covers  all  of  the  basin  floor,  sides,  and  a 

good  portion  of  the  shelf;  and  is  probably  high.  These 

figures  result  in  a  layer  1.3  cm  thick,  well  within  the 

range  of  most  of  the  gray  layers. 

This  figure  is  affected  by  a  number  of  factors.  It 

can  be  increased  by  reducing  the  area  of  the  deposit, 

2 

which  is  probably  considerably  less  than  2700  km  .  Sub¬ 
ordinate  contributions  from  the  Ventura  and  Santa  Ynez 
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Rivers,  and  from  the  coastal  drainage  would  also  add  to 
the  deposit.  On  the  other  hand,  two  factors  act  to  de¬ 
crease  the  deposit.  One  is  that  much  of  the  suspended 
matter,  especially  the  sand  and  coarse  silt,  either  is 
deposited  on  the  shelf  near  the  river  mouth  or  is  lost  to 
the  south  in  the  longshore  drift.  In  addition,  a  large 
quantity  of  the  suspended  sediment  that  bypasses  the 
shelf  may  be  carried  to  the  south  and  deposited  in  Santa 
Monica  Basin.  However,  even  if  one-half  of  the  suspended 
sediment  is  removed  by  these  processes,  an  easily  recog¬ 
nizable  deposit  would  form  on  the  basin  floor. 

Two  transporting  mechanisms  may  be  responsible  for 
the  gray  layers;  their  relative  importance  and  the  pro¬ 
cesses  at  work  are  not  yet  clearly  understood.  Revelle 
and  Shepard  (1939)  long  ago  recognized  the  importance  of 
suspended  sediment  from  storms  in  sedimentation  on  the 
California  Continental  Borderland,  and  concluded  that 
suspended  sediment  dispersion  of  this  kind  occurs  over  the 
inner  basins.  Using  a  settling  velocity  of  15  m/day  for 
flocculated  sediment  (corresponding  to  a  hydraulic 
diameter  of  15/u) ,  they  showed  that  currents  are  sufficient 
to  transport  sediment  over  an  entire  basin  during  a  settl¬ 
ing  period  of  one  to  two  months. 

That  direct  settling  of  suspended  matter  from  the 
water  column  has  occurred  to  some  degree  after  the  1969 
flood  may  be  evidenced  by  turbidity  measurements  by  D.  E. 
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Drake  (oral  communication).  These  data  show  a  large 
plume  of  suspended  sediment  from  the  Santa  Clara  River 
moving  over  the  shelf  and  Into  the  water  column  of  the 
central  basin,  becoming  detached  from  the  bottom  at  the 
shelf  break. 

Bottom  samples  collected  in  Santa  Barbara  Basin  by- 
Drake  and  R.  L.  Kolpack  (oral  communication)  at  intervals 
for  one  year  after  the  flood  indicate,  however,  that  the 
reddish  Santa  Clara  River  silt  did  not  start  to  collect  on 
the  basin  floor  until  three  or  four  months  after  the  flood. 
The  pattern  of  appearance  of  this  "red  layer,"  first  in 
the  eastern  part  of  the  basin  and  then  gradually  further 
westward,  suggests  that  this  material  may  be  creeping 
slowly  over  the  basin  floor  as  a  near-bottom  turbid  layer. 
One  year  after  the  flood,  the  sediment  covered  most  of  the 
deeper  parts  of  the  basin  with  a  watery  layer  1  to  2  cm 
thick,  and  the  reddish  color  of  the  sediment  is  changing 
to  a  grayish  buff  as  the  iron  oxides  are  reduced  in  the 
near-anaerobic  bottom  water  (Drake,  oral  communication). 

At  present,  there  is  insufficient  evidence  to  make 
any  firm  conclusions  about  the  efficacy  of  the  near¬ 
bottom  turbid  layer  in  distributing  the  "red  layer"  over 
the  basin  floor.  The  sediment-water  interface  in  Santa 
Barbara  Basin  is  characteristically  indistinct  and  soupy, 
and  the  slow  appearance  of  the  flood  deposit  in  the  bottom 
samples  may  simply  be  due  to  a  loss  of  the  still  watery 
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material  In  months  immediately  after  the  flood.  Y/hat- 
ever  the  depositional  mechanism,  however,  it  is  highly 
probable  that  the  majority  of  the  gray  layers  in  Santa 
Barbara  Basin  are  of  a  similar  flood-deposit  origin.  An 
exception  may  be  the  thicker  layers  in  the  lower  half  of 
the  core,  and  these  may  be  of  a  more  conventional  turbid- 
ite  origin. 
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SUMMARY  AND  CONCLUSIONS 

Hemipelagic  basin  sediments  of  the  California 
Continental  Borderland  consist  of  approximately  equal  pro¬ 
portions  of  silt  and  clay  on  a  carbonate-free  basis. 

Illite,  quartz,  and  montmorillonite  are  predominant  in 
the  silt  sizes;  montmorillonite  and  illite  are  most 
abundant  in  the  clay  sizes.  Kaolinite,  chlorite,  verinl.cm- 
lite,  and  talc(?)  in  addition  to  plagioclase,  potassium 
feldspar,  and  amphibole  in  the  silt  sizes,  are  present  in 
subordinate  amounts.  Montmorillonite  consists  in  part  of 
beidellite  or  trioctahedral  varieties,  and  about  one- 
third  of  this  mineral  contains  random  mixed-layering  of 
illite.  A  small  portion  of  the  expandable  clay  is 
potassium-fixable.  No  evidence  of  dlagenesis  was  found 
in  this  component  or  among  the  other  clays. 

Coastal  drainage  is  the  major  sediment  source  for 
the  basins.  The  fine-grained  sediments  of  these  sources 
are  similar  in  mineral  composition ,■ but  three  suites  can 
be  distinguished.  These  are  a  northern  quartz-feldspar- 
illite  suite  from  sedimentary  rocks  of  the  western  Trans¬ 
verse  Ranges,  an  igneous-metamorphic  chlorite-vermiculite- 
illite  suite  from  the  central  Transverse  Ranges,  and  a 
southern  quartz-feldspar  suite  from  the  California 
Batholith. 

The  mineral  composition  of  basin  sediments  is  more 
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uniform  than  that  of  river  sediments  because  of  mixing  by 


currents.  Quartz-feldspar  ratios  are  3.0,  higher  than 
for  rivers,  in  the  total  sediment,  and  plagioclase- 
orthoclase  ratios  are  3.5.  Variation  of  quartz-feldspar 

ratios  is  in  part  related  to  sources,  but  is  strongly 
dependent  on  grain  size  because  quartz  is  more  persistent 

in  the  fine  silt  sizes  than  feldspar.  Basin  sediments 
contain  more  montmorillonite  and  chlorite,  and  less 
illite  than  the  river  sediments.  Excess  chlorite  is 
carried  into  the  borderland  from  the  northwest  Pacific 
coast  by  the  California  Current.  Evidence  for  this  pro¬ 
cess  is  found  in  Santa  Barbara  Basin,  where  rapidly 
deposited  flood-layers  s f  local  origin  contain  only  one- 
half  as  much  chlorite  as  the  continuously-deposited  sedi¬ 
ment.  A  current  influx  of  5  percent  to  10  percent  is 
sufficient  to  cause  the  enrichment.  A  portion  of  the 
montmorillonite  may  also  be  derived  from  this  source,  al¬ 
though  enrichment  of  this  mineral  may  only  be  apparent 
because  three  major  rivers  have  similar  montmorillonite 
and  illite  contents  as  the  basins. 

A  decrease  in  particle  size,  differential  settling, 
and  eollan  transport  determine  mineralogic  variations 
from  nearshore  to  offshore  areas.  Quartz,  feldspar  and 
amphibole  generally  decrease  offshore.  Fine  silt-  and 
clay-size  quartz,  however,  increases  offshore  and  is 
probably  of  eolian  origin.  The  quantity  of  wind-borne 
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sediment  increases  offshore  because  of  a  decrease  in  the 
total  terrigenous  sedimentation  rate.  Eolian  sediment  is 
derived  mainly  from  Santa  Ana  winds,  but  its  overall 
contribution  to  the  basin  sediments  is  probably  under  10 
percent.  Segregation  by  differential  flocculation  causes 
faster-settling  illite  to  be  deposited  in  greater 
quantities  in  nearshore  areas,  and  slower-settli ng  montmor- 
illonite  in  the  outer  borderland. 

Core  mineralogy  of  late  Pleistocene-Holocene  sedi¬ 
ments  in  Catalina  Basin,  Tanner  Basin,  and  the  continental 
rise  show  that  sea-level  fluctuations,  and  to  some  extent 
climatic  change,  has  determined  the  mineral  distribution. 
Silt-size  minerals  are  largely  of  local  origin,  and  ex¬ 
posure  of  offshore  banks  and  islands  during  low  sea  level 
18,000  BP  is  reflected  by  these  minerals.  High  quartz- 
feldspar  ratios  during  the  Pleistocene  in  Tanner  Basin 
and  on  the  continental  rise  Indicate  erosion  of  quartz- 
rich  sediment  on  the  Santa  Rosa-Cortez  Ridge.  In  Santa 
Catalina  Basin,  which  is  characterized  by  a  distinctive 
plagioclase-amphibole-chlorite  suite  derived  from  meta- 
morphlc  rocks  of  Santa  Catalina  Island,  an  influx  of 
volcanic  sediment  from  Santa  Barbara  Bank  occurred  during 
the  Pleistocene.  The  dilution  of  the  Santa  Catalina  Is¬ 
land  suite,  the  quantity  of  which  remained  constant  dur¬ 
ing  the  Pleistocene,  Is  closely  related  to  sea-level 
fluctuations . 
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Clay  minerals  In  late  Pleistocene-Holocene  sedi¬ 
ments  reflect  the  effects  of  long-distance  transport  and 
climatic  change  to  the  extent  that  these  processes  can  be 
resolved  from  local  source  variations.  Differential 
settling  is  responsible  for  variation  of  illite  and 
montmor lllonite .  Beginning  on  the  outer  borderland, 
montmorillonite -illite  ratios  increased  with  inception 
of  sea-level  rise.  This  trend  was  caused  by  the  gradual 
submergence  of  the  offshore  banks  and  islands,  which  re¬ 
sulted  in  a  relative  increase  in  the  propuiMnn  nf  tirnin  ■ 
land  sediment.  The  net  effect  of  sea-level  rise  thus  was 
to  increase  the  average  transport  distance  of  sediment  to 
the  offshore  areas.  Because  the  average  transport  dis¬ 
tance  was  increased,  faster  settling  illite  reached  the 
outer  borderland  in  lesser  amounts,  and  the  proportion  of 
nontmor lllonite  increased.  A  decrease  of  montmor illonite- 
illite  ratios  since  the  Hypsithermal  may  be  related  to 
gradual  adjustment  of  stream  profiles  after  the  sea-level 
rise. 

numerous  well-sorted  gray  silt  layers  in  Santa 
Barbara  Basin  originated  as  ilood  deposits.  They  occur 
at  an  average  interval  of  120  yr,  and  are  caused  by  un¬ 
usually  heavy  storms.  Low  carbonate  and  organic  matter 
content  of  the  layers  indicates  rapid  deposition.  Compari 
son  of  river  mineral-suites  with  gray-layer  mineral- 
suites  shows  that  the  Santa  Clara  River  is  the  major 
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source  of  these  deposits.  The  origin  by  floods  of  the 
gray  layers  is  confirmed  by  a  similar  deposit  that  was 
laid  down  after  the  1969  flood. 
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